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Chairman:  David  B.  Tanner 
Major  Department:  Physics 

Using  Fourier  transform  interferometers,  we  studied  high-temperature  super- 
conducting YBa2Cu307_,s  (YBCO)  thin  films  on  silicon  substrates  in  the  far- 
infrared  spectral  range.  We  measured  front-side  reflectance,  back-side  reflectance 
(first  measurement  of  this  kind,  with  the  incident  ray  coming  from  the  substrate 
side),  and  transmittance  at  several  temperatures  in  both  the  normal  and  super- 
conducting state.  Two  select  samples  with  closest  matching  characteristics  were 
mounted  facing  each  other  in  order  to  form  Fabry- Perot  resonators.  The  resonator 
gap  was  changed  by  spacers  of  various  thickness.  The  resonator  transmission  was 
measured. 

Initially,  several  samples  were  measured  within  the  spectral  range  10-100  cm-1 
(wave  number)  or  1000-100  pm  (wavelength).  We  could  fit  the  results  using  the 
Drude  model  for  the  normal  state,  and  the  two-fluid  model  for  the  superconducting 
state  of  the  YBCO  film,  a constant  permittivity  for  the  Si  substrate,  and  ignoring 
the  two  thin  buffer  layers  of  YSZ  and  Ce02- 

Interference,  optical  resonance,  and  antireflection  on  the  infrared  properties  of 
high-temperature  superconducting  (HTSC)  films  were  observed  and  quantitatively 


x 


analyzed.  At  certain  frequencies  the  back-side  reflectance  can  be  deeply  modu- 
lated by  oscillating  the  temperature  above  and  below  a critical  value — enabling 
the  use  of  the  film  as  a far-infrared  intensity  modulator.  Analysis  of  the  absorp- 
tance,  calculated  from  the  measured  reflectance  and  transmittance,  showed  that 
the  absorptance  from  the  back  (substrate)  side  is  higher.  This  fact  demonstrates 
potential  for  designing  radiation  detectors  based  on  superconducting  thin  films. 

The  complex  refractive  index  of  the  films  was  determined.  The  effect  of  par- 
tial coherence  on  the  Fabry-Perot  resonator  transmittance  was  studied.  A complex 
interplay  among  the  cavity  length,  substrate  thickness,  and  phase  shift  upon  reflec- 
tion, affecting  the  magnitude  of  the  resonant  transmittance  and  finesse,  was  studied 
thoroughly  to  deduce  an  optimization  method. 

Recently,  new  samples  were  measured  over  the  range  17-600  cm-1.  This  wider 
spectral  region  allows  a greater  fit  accuracy.  We  included  phonons  within  the  Si02 
layer  on  the  substrate  back  surface,  and  phonons  of  the  YSZ  buffer  layer  and  the 
YBCO  film,  in  order  to  fit  the  measured  results.  Spectral  beating  caused  by  close- 
in-frequency  phonon  oscillators  in  opposite  layers  was  observed.  Two  strong  and 
wide  oscillators  indicate  that  the  Si02  and  YSZ  layers  are  amorphous. 
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CHAPTER  1 
INTRODUCTION 


In  this  introduction  a number  of  terms  (some  of  which  may  be  unfamiliar  to  all 
readers)  will  be  used.  Most  of  these  are  properly  introduced  and  explained  later 
in  this  dissertation,  or  at  least  the  reader  will  be  referred  to  an  appropriate  source 
of  information. 

Superconductivity  is  a macroscopic  manifestation  of  an  essentially  quantum- 
mechanical  phenomenon.  At  some  critical  temperature  Tc,  every  superconductor 
undergoes  a phase  transition;  below  Tc,  the  superconductor  is  characterized  by 
zero  electrical  resistance  and  perfect  diamagnetism,1  provided  the  electrical  cur- 
rent density  and  the  magnetic  field  are  less  than  their  respective  critical  values. 
Ever  since  1911  when  the  phenomenon  of  superconductivity  was  discovered  by 
the  group  of  Heike  Kamerlingh  Onnes,  the  interest  in  experiments,  theory,  and 
applications  of  superconductors  has  grown  continuously.  Many  metals,  alloys,  and 
intermetallic  compounds  have  been  found  to  be  superconductors.  An  extremely 
powerful  boost  in  the  field  of  superconductivity  occurred  in  1986  when  Bednorz  and 
Muller  discovered  the  first  high-temperature  superconductor — lanthanum  cuprate 
perovskite  (La2_xCaxCu04,  x = 0.15,  Tc  — 30  K)  and  later  (BaxLa5_a.Cu50J/) 
Tc  = 35  K).  This  was  the  start  of  the  cuprates  era.  The  fast-paced  research  that 
followed  quickly  led  to  further  record-breaking  cuprates:2  YBa2Cu307_($  (S  ~ 0.10, 
Tc  = 93  K,  1987),  Bi2Sr2Ca2Cu3O10  (Tc  = 110  K,  1988),  Tl2Ba2Ca2Cu3O10 

1 That  is,  any  magnetic  field  is  expelled  out  of  a material  in  the  superconducting  state. 

2Here  the  optimally-doped  compositions  are  listed.  Naturally,  one  can  expect  that  they  were 
not  the  first  to  be  produced  and  studied. 
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(Tc  = 125  K,  1988),  and  Hg2Sr2CaCu208+(5  {Tc  = 133  K,  1993)  [1,  p.  22],  Most 
importantly,  since  1987  the  superconducting  state  can  be  maintained  by  using  the 
much  more  abundant  and  cheaper  coolant:  liquid  nitrogen.  This  fact  has  widened 
the  potential  applications  of  superconductors  significantly. 

Very  recently  a superconducting  transition  was  discovered  in  MgB2  (magnesium 
diboride).  This  has  become  the  source  of  renewed  excitement  in  the  superconduct- 
ing community  which  culminated  in  a very  busy  postdeadline  session  at  the  March 
2001  Meeting  of  the  American  Physical  Society  in  Seattle  that  lasted  till  about 
midnight.  Even  though  the  critical  temperature  of  MgB2  is  modest  (39  K),  this 
new-type  superconductor  is  important  for  two  reasons:  first,  by  detailed  stud- 
ies of  the  isotope  effect  and  various  substitutions  it  may  be  possible  to  raise  the 
critical  temperature  significantly,3  an  approach  that  was  proven  to  be  quite  suc- 
cessful in  the  cuprate  case;  and  second,  the  new  superconductor  presents  another 
instance  of  a high-temperature  superconductor  that  offers  an  opportunity  to  get 
another  “projection”  of  the  superconductivity  phenomenon  which  could  facilitate 
the  understanding  of  the  mechanism  of  high-temperature  superconductivity.  Our 
current  studies,  however,  do  not  cover  this  new  superconductor. 

Unlike  the  low-temperature  superconductors,  the  cuprates  are  characterized  by 
the  following:4 

• very  high  critical  temperature; 

• complex  unit  cell  containing  a large  number  of  atoms;  most  cuprates  have 
orthorhombic  structure  (but  close  to  tetragonal)  like  the  123  compounds 
(e.g.,  YBa2Cu307_5  because  of  the  quasi-one-dimensional  Cu-0  chains  which 
cause  anisotropy  in  the  a-b  plane),  yet  some  are  tetragonal; 

3 Unfortunately  the  initial  attempts  to  do  so  have  not  been  successful  to  date. 

4Some  of  these  peculiarities  will  be  introduced  and  covered  in  more  detail  later. 
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• layered  structure  which  results  in  highly  anisotropic  physical  properties; 

• superconducting  properties  due  to  the  quasi-two  dimensional  Cu02  planes; 

• quasi-one-dimensional  Cu-0  chains  in  123  compounds,  or  Bi-0  layers  in 
other  cuprates,  acting  as  reservoirs  for  charge  carriers; 

• p-type  carriers  (most  cases); 

• low  charge-carrier  concentrations  leading  to  large  penetration  depths  (A  ~ 
0.2  gm  for  currents  in  the  a-b  plane,  and  even  larger  for  currents  along  the 
c-axis) ; 

• very  short  coherence  lengths  (£  ~ 2.5  nm  in  the  a-b  plane,  and  ~ 0.3  nm 
along  the  c-axis);  these  small  values  of  £ make  superconducting  fluctuations, 
grain  boundaries  and  defects  very  important; 

• “clean”  limit  (coherence  length  £ < free  path  £ of  charge  carriers); 

• normal  skin  effect  (f  < A); 

• strong  coupling  ( 3.5kBTc  < 2A  £ [4,7]^^); 

• linear  DC  resistivity  in  the  normal  state; 

• Hall  coefficient  with  a strong  temperature  dependence; 

• type  II  superconductor  with  large  Ginsburg- Landau  ratio  (k  ~ 100); 

• very  high  critical  magnetic  fields; 

• high  sensitivity  to  doping  levels,  and  complex  phase  diagram; 


spin  gap  or  pseudogap; 
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• d-wave  (or  in  some  cases  possibly  p-wave)  pairing,  or  a superposition  of  one 
of  these  wave  functions  with  an  s-wave; 

• Possible  Fermi-liquid  behaviour  in  the  normal  state  for  strongly  overdoped 
materials; 

• undoped  parent  compounds  which  are  spin  1/2  antiferromagnetic  insulators; 

• isotope  effect  that  depends  strongly  on  the  hole  concentration. 


The  complicated  structure  and  properties  of  the  new  superconductors  have  pre- 
sented some  major  difficulties.  Physicists  had  to  include  the  entire  array  of  experi- 
mental methods  and  tools5  that  had  evolved  during  the  20th  century  and  which  had 
been  used  successfully  to  study  numerous  solids  with  diverse  properties;  moreover, 
they  had  to  employ  all  existing  theoretical  models  and  to  propose  a number  of  new 
ones  in  an  attempt  to  explain  the  various  anomalies  observed  in  the  cuprates.6  As 
time  goes  by  physicists  are  learning  more  and  more  about  the  cuprates.  Some 
significant  progress  has  already  been  made,  but  a thorough  understanding  of  how 
high-temperature  superconductors  “tick”  has  yet  to  be  achieved.  There  are  still 
hopes  that  sooner  or  later  room-temperature  superconductivity  could  be  achieved. 
But  even  if  this  turns  out  to  be  far  in  the  future,  the  better  superconductors  are 
studied,  the  more  successfully  they  can  be  engineered  and  utilized  into  practice. 

5Such  as  isotope  effect  studies,  heat-capacity  measurements,  high-pressure  studies,  stud- 
ies of  the  transport  properties  (electrical  and  thermal  conductivity,  Hall  effect,  thermopower) 
in  the  a-b  plane  and  later  in  the  c direction,  flux  quantization  measurements  using  Super- 
conducting QUantum  Interference  Devices  (SQUIDs),  Angle-Resolved  PhotoEmission  Spec- 
troscopy (ARPES)  measurements,  Fourier  Transform  Infra-Red  (FTIR)  spectroscopy,  Raman 
spectroscopy,  microwave  magnetic  penetration  depth  measurements,  Nuclear  Magnetic  Reso- 
nance (NMR),  Josephson  Tunneling,  magnetic  fluxoid  lattice  and  glass  studies  (melting,  pinning 
etc.). 

6Bardeen-Cooper-Schrieffer  theory,  Ginsburg-Landau  theory,  Lawrence-Doniach  model, 
polaron-bipolaron  model,  Fermi  liquid,  marginal  Fermi  liquid,  simple  Hubbard  model,  three- 
band  Hubbard  model,  t-J  model,  resonance  valence  bond  (RVB)  model,  etc. 
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Infrared  spectroscopy  is  an  important  and  powerful  experimental  method  to 
study  superconductors.  In  contrast  to  tunneling  and  photoemission  measurements, 
the  infrared  light  penetrates  deeply  (0. 2-1.0  pm)  into  superconductors,  and  there- 
fore infrared  spectroscopy  is  less  sensitive  to  surface  defects  and  especially  to  insu- 
lating surface  layers.  Infrared  spectroscopy  can  be  used  to  study  free  carriers, 
low-energy  excitations,  infrared-active  phonons  and  other  peculiarities  of  the  elec- 
tronic structure.  Before  the  high-temperature  superconductors  were  discovered, 
infrared  spectroscopy  had  produced  some  essential  results  such  as  the  temperature 
dependence  of  the  gap  in  low-temperature  superconductors,  and  after  that  it  has 
been  used  to  study  the  cuprates  as  well,  though  in  the  latter  case  the  results  could 
not  be  interpreted  as  quickly  and  easily.  Some  meaningful  data  about  the  gap  and 
pseudogap  of  the  cuprates  have  already  been  obtained  and  relatively  successfully 
interpreted.  The  earlier  studies  were  often  done  on  low-quality  microtwinned  or 
single-crystal  bulk  samples,  as  well  as  on  thick  films.  Later,  better-quality  crys- 
talline samples  and  thin  films  have  been  studied.  Thin-film  studies  are  especially 
important  for  a number  of  practical  applications  such  as  microwave  and  infrared 
detectors  or  sensors,  filters,  modulators,  delay  lines,  antennae,  resonators,  trans- 
mission lines,  and  magnetometers  employing  field-dependent  microwave  absorp- 
tion. 

Material  scientists,  physicists,  and  chemists  have  done  elaborate  studies  aimed 
at  selecting  better  substrate-buffer-layer  combinations  compatible  with  the  super- 
conducting film,  as  well  as  perfecting  the  buffer-layer  and  film  deposition  tech- 
niques. Thin  cuprate  films  are  characterized  by  far-infrared  spectra  that  differ 
significantly  from  those  of  the  bulk  of  thick-film  samples. 

This  dissertation  is  a modest  contribution  to  the  far-infrared  studies  of  super- 
conducting thin  films.  The  current  introductory  chapter  precedes  the  following 
material: 
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Chapter  2 presents  the  basic  theory  of  electromagnetism  and  electromagnetic 
waves  within  various  media.  A number  of  useful  quantities  are  introduced  and 
explained. 

Chapter  3 introduces  more  optical  characteristics,  and  presents  the  classical 
models  of  dispersion  due  to  both  “free”  and  bound  charge  carriers.  Reflection 
from  and  transmission  through  a single  interface  are  considered,  followed  by  vari- 
ous methods  for  calculating  the  optical  properties  of  thin  films  and  multi-layered 
structures. 

Chapter  4 provides  some  general  background  for  the  superconductivity  of  the 
cuprates  and  reviews  previous  infrared  studies  of  the  cuprates. 

Chapter  5 explains  the  basics  of  infrared  spectroscopy  and  describes  the  equip- 
ment as  well  as  the  samples  that  have  been  used  in  our  studies. 

Chapter  6 presents  the  measured  far-infrared  transmittance,  front-side  and 
back-side  reflectance,  the  fits  to  these  data,  and  their  analysis. 

Chapter  7 combines  the  measured  transmittance  and  reflectance  from  the 
appropriate  side  in  order  to  get  the  front-side  and  back-side  absorptance.  The 
effect  of  film  thickness  on  the  absorptance  has  been  studied.  The  results  are  dis- 
cussed and  can  be  utilized  in  the  design  and  optimization  of  infrared  detectors. 

Chapter  8 presents  our  measurements  of  transmittance  through  Fabry-Perot 
resonators  made  of  a couple  of  samples  facing  each  other  and  separated  by  a 
suitable  spacer.  The  fits  to  the  data,  as  well  as  discussion  of  the  results,  are  given. 
Ways  to  optimize  such  structures  are  shown. 

Finally,  chapter  9 summarizes  our  conclusions  and  future  research  plans. 


CHAPTER  2 
ELECTROMAGNETISM 

2.1  Electromagnetic  Field 


2.1.1  Introduction 

Most  of  this  section  is  based  on  some  well-known  books  by  famous  authors 
[2-6],  listed  in  the  order  their  first  edition  appeared  (even  if  it  were  not  translated 
immediately  into  English).  Here  I must  add  a book  by  Griffiths  [7],  a very  good 
undergraduate  textbook,  but  still  (or  maybe  because  of  that)  it  is  very  informative 
on  many  topics. 

For  the  purpose  of  clarity  complex  quantities  within  this  text  will  be  denoted 
with  a tilde  above  the  symbol,1  e.g.,  a complex  quantity  A will  appear  as  A.  Real 
parts  of  complex  quantities  will  be  denoted  with  prime  ('),  and  imaginary  parts  will 
be  denoted  with  double  prime  (")  superscripts,  i.e.,  A = A!  + i A”  where  i2  = — 1. 
The  asterisk  (*)  means  complex  conjugate  as  usual:  A*  = (A'  + iA")*  = A — i A" . 

The  measurable  physical  quantities  themselves  are  always  real.  Complex  quan- 
tities are  introduced  in  the  equations  for  convenience  in  two  cases: 

• For  the  case  of  harmonic  fields2  and  sources  of  the  fields,  complex  notation 
in  exponential  form  leads  to  convenient  math  simplification;3 

1The  presence  of  a tilde  above  a symbol  does  not  preclude  it  to  be  real  in  special  cases. 

2This  is  not  restrictive:  Using  the  Fourier  theorem  [8],  a very  broad  class  of  (practically  any 
realistic)  fields  can  be  reduced  to  a superposition  of  harmonic  fields. 

differentiation  (V)  or  integration  (/  fir  f dy  J dz)  of  the  real  quantities  with  respect  to  space, 
is  replaced  simply  by  multiplication  or  division  of  their  complex  forms  by  i ivk,  and  similarly, 
differentiation  (d/dt)  or  integration  (f  <\t)  of  the  real  quantities  with  respect  to  time,  is  replaced 
simply  by  multiplication  or  division  of  their  complex  forms  by  — i u)t.  Explanation  for  the  minus 
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• For  the  case  of  absorbing  media  with  Joule  losses  either  the  conductivity  or 
the  permittivity  “become”  complex.  Additionally,  at  frequencies  low  enough, 
so  that  the  magnetic  losses  become  important,  the  permeability  “becomes” 
complex,  too.  Introducing  of  such  complex  media  “coefficients”  preserves 
the  equations  in  the  same  form  as  they  have  for  non-absorbing  media.  The 
complex  constants  take  into  account  the  phase  lag  of  the  medium  response 
with  respect  to  the  driving  “force” 

The  final  result  for  any  field  can  be  obtained  by  taking  the  real  part  at  the  end 
of  any  calculation  including  only  linear  operations  (addition,  subtraction,  inte- 
gration, and  differentiation)  applied  on  the  complex  fields* 4  and/or  their  sources.5 
Should  nonlinear  operations  (such  as  products,  exponentiation  and  more  compli- 
cated functions)  be  done  on  the  fields  and/or  their  source,  one  has  to  take  the  real 
parts  of  all  fields  first,  and  then  do  the  prescribed  operations.  There  is  one  excep- 
tion when  time-averaged  products  are  considered  which  will  be  given  in  subsection 
2.2.6.  Another  exception  is  the  division  operation  which  has  been  considered  at 
the  end  of  subsection  3.3  with  respect  to  the  Fresnel  coefficients, 

sign  is  given  in  subsection  2.2.3 

4Electric  field  E,  electric  displacement  D.  magnetic  field  H . and  magnetic  induction 
(magnetic-flux  density)  B. 

5Surface  density  J of  the  electric  current  and  volume  density  g of  free  electric  charges. 
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2.1.2  Maxwell’s  Equations 

Classical  electromagnetic  fields  are  described  by  the  macroscopic  Maxwell’s 
equations  which  have  the  following  differential  form  (SI  units):6 

Ampere’s  law  V x 17  = 

Faraday’s  law  Vx£  = 

Gauss’  and  Coulomb’s  law  V • D = 

No  magnetic  monopoles  V • B = 

Continuity  equation  V • J — 

where  the  real  parts  of  the  complex  quantities  from  the  equations  are  the  electric 
field  E\  the  magnetic  induction  B' , the  electric  displacement  D' , the  magnetic 
field  H\  the  net  current  density  J'  due  to  the  movement  of  free  electric  charges, 
and  the  net  volume  density  q'  of  free  electric  charges. 

Actually,  the  continuity  equation  2.5  is  not  independent;  it  can  be  derived  by 
taking  the  divergence  of  equation  2.1  and  then  substituting  equation  2.3. 

For  the  special  case  of  static  fields  all  the  tildes  disappear,  and  the  time- 
derivative  terms  vanish  from  Maxwell’s  equations. 

For  the  purpose  of  brevity  only  the  differential  form  of  the  equations  will  be 
given  in  most  cases  herein.  The  integral  form  of  Maxwell’s  equations  can  be  found 


dD 

dt 

dB 

~~dt' 


+ J , 


(2.1) 


(2.2) 


e, 


(2.3) 


0, 


(2.4) 


dt' 


(2.5) 


6By  the  way,  Coulomb  is  pronounced  “Koul'onn”!  // 
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in  the  books  by  Stratton  [3],  Born  and  Wolf  [5],  Jackson  [6],  and  in  many  other 
sources  on  electromagnetic  theory. 

2.1.3  Material  Equations 

The  properties  of  the  medium  are  characterized  by  the  additional  set  of  mate- 
rial (constitutive)  equations.  Let  us  begin  with  the  special  quasi-static  (non- 
relativistic)  case  of  harmonic-in-time,  relatively  weak  fields  within  a physically 
isotropic,  homogeneous,  linear  (i.e. , non-absorbing  or  weakly-absorbing)  medium 
for  which  the  material  equations  have  a simple  linear  form  with  scalar  coefficients. 

For  DC-insulators,  e.g.,  dielectrics,  which  are  characterized  by  zero  DC  con- 
ductivity,7 and  whose  absorption  (if  any)  is  due  to  bound  charge  carriers,  it  would 
be  convenient  to  use  material  equations  of  the  form: 

D = ee0E ; B = (2.6) 

where  e — e'  + i e"  is  the  complex  relative  dielectric  permittivity  and  e0  the  per- 
mittivity of  vacuum,  ju  = //  + ip"  the  complex  relative  magnetic  permeability  and 
Po  is  the  permeability  of  vacuum.  Strictly  speaking  only  the  real  parts  deserve  the 
name  relative,  but  for  the  lack  of  better  terminology,  when  the  SI  system  of  units 
is  used,  “relative”  is  preserved  even  for  the  generalized  complex  quantities.  The 
imaginary  parts  of  the  coefficients  (e",  n")  describe  the  phase  lag  of  the  medium 
' response  (D,  B)  with  respect  to  the  “driving  force”  (E,  H). 

For  DC-conductors,  e.g.,  metals,  in  which  the  displacement  current8 
dD/dt  J,  and  whose  absorption  is  predominantly  due  to  free  charge  car- 

7This  is  the  reason  why  Ohm’s  law  is  not  important  for  DC-insulators. 

8This  inequality  is  the  reason  why  the  left  equation  2.6  is  not  important  for  DC-conductors. 
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riers,  it  would  be  convenient  to  use  material  equations  of  the  form: 

J = aE  = E/p]  B = pp0H,  (2.7) 

where  the  left  equation  is  the  differential  form  of  Ohm’s  law,  a = o'  + a"  is  the 
complex  specific  conductivity  and  its  inverse  p = p1  + p"  is  the  specific  resistivity. 
Similarly  to  the  previous  case,  the  imaginary  part  of  the  coefficient  (the  conduc- 
tivity a")  describes  the  phase  lag  of  the  medium  response  (the  current  density  J) 
with  respect  to  the  “driving  force”  (the  electric  field  E). 

When  one  is  interested  to  study  the  interaction  of  electromagnetic  fields  with 
matter  in  a more  detailed  manner,  often  another  version  of  the  first  two  constitutive 
relations  is  used: 


D = P + e0E-  B — p0  (M  + H),  (2.8) 

where  the  real  parts  of  the  complex  quantities  are  called  polarization  P\  and 
magnetization  M' , respectively. 

For  isotropic  linear  media  the  polarization  is  proportional  to  the  electric  field, 
and  the  magnetization  is  proportional  to  the  magnetic  field: 

P = xee0E\  M — XmH , (2.9) 

where  Xe  and  Xm  are  the  complex  electric  and  magnetic  susceptibility,  which  char- 
acterize the  medium  contribution  to  e and  p,  respectively.  The  latter  statement 
can  be  proven  easily  if  we  use  the  left  ones  of  equations  2.15,  2.8,  2.9  on  the  one 
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hand,  and  the  right  ones  on  the  other,  whereupon  we  get: 


complex 

£ — 1 + Xel 

V = 

1 ~b  Xmi 

(2.10) 

real  parts 

e'  = 1 + Xei 

^ = 

1 + Xmi 

(2.11) 

imaginary  parts 

e"  = x"; 

= 

x". 

A m 

(2.12) 

In  equations  2.10  and  2.11,  the  unity  stands  for  the  contribution  of  vacuum. 
Here  I must  mention  that  vacuum  has  neither  magnetic  nor  dielectric  properties, 
which  is  reflected  clearly  in  the  Gaussian  system  of  units.  However  in  SI,  in  order 
to  preserve  the  historically  accepted  units,9  vacuum  is  given  artificially  dielectric 
properties  through  e0  and  magnetic  properties  through  /v 

The  coefficients10  in  the  material  equations  characterize  the  medium,  and  in 
general  are  complex. 

In  the  simplest  idealized  case  (non-existent  in  nature)  these  quantities  are  con- 
stant; that  is,  they  are  independent  of  time,  frequency,  position,  field  strength  and 
direction,  temperature,  as  well  as  on  the  history  of  any  of  these  variables.  Initially 
we  shall  consider  the  simple  non-absorbing  case  with  real  coefficients,  and  later 
some  simple  absorbing  cases  for  which  either  a complex  permittivity  £ or  a com- 
plex conductivity  a must  be  used.  It  turns  out  that  it  is  most  convenient  to  use 
only  the  real  parts  of  both,  as  explained  at  the  end  of  this  subsection. 

For  optical  frequencies  the  magnetic  properties  of  the  medium  can  be  ignored, 
so  we  shall  consider  that  /j,  is  real  and  unity  (yr„  = 0).  In  this  case  the  second  of 

9Such  as  ampere,  coulomb,  farad,  henry,  ohm,  tesla,  volt,  weber. 

10Namely,  conductivity  a,  dielectric  permittivity  I,  or  susceptibility  ye,  and  magnetic  perme- 
ability /7,  or  susceptibility  \m- 
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equations  2.15  is  reduced  to  its  form  for  vacuum 

B = HoH.  (2.13) 

Nevertheless,  in  order  to  preserve  the  general  form  of  the  equations,  which  is 
applicable  for  lower-than-optical  frequencies  as  well,  a real  permeability  will  be 
kept  as  a place-holder/reminder. 

The  constitutive  equations  can  be  generalized  for  more  complicated  cases: 

• For  an  anisotropic  medium  (e.g.,  non-cubic  crystals)  the  coefficients  are 
second-rank  tensors; 

• For  an  absorbing  medium  at  least  one  of  the  coefficients  is  complex.  Such 
complex  coefficients  depend  on  the  frequency  and  the  tildes  above  the  coef- 
ficients make  our  equations  ready  for  this  case; 

• When  the  fields  are  strong  enough  (e.g.,  focused  laser  beam),  non-linear 
terms  in  the  material  equations  cannot  be  neglected; 

• For  fast  moving  bodies  relativistic  relations  must  be  used; 

• In  some  cases  (such  as  dielectric  or  magnetic  hysteresis,  as  well  as  current  in 
a gas  of  free  ions)  [5],  the  coefficients  depend  on  the  fields  and  their  history; 

• In  certain  cases  the  dependence  on  temperature  or  time  (aging  of  the  medium, 
chemical  reactions,  or  phase  transitions)  must  be  considered; 

• Finally,  for  complex  inhomogeneous  media  one  has  to  solve  numerically 
formidable  boundary  value  and/or  scattering  problems; 

• In  the  intermediate  case  of  planar  layered  media  (a  special  case  of  inhomo- 
geneous media)  each  layer  is  characterized  by  its  own  coefficients  and  the 
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problem  is  reduced  to  successive  application  of  the  boundary  conditions  for 
each  interface.  Such  cases  are  considered  later  in  chapter  3,  starting  from  the 
simplest  case  of  one  interface  (section  3.2)  and  continuing  with  multi-layered 
structures  (section  3.4). 

Various  types  of  media  can  be  characterized  by  the  values  or  dependencies  of 
the  material  coefficients:  Very  simplistically,  substances  with  a'  ps  0 at  angular 
frequency  u = 0 are  insulators  (dielectrics  or  vacuum);  conductors  (e.g.,  metals) 
have  relatively  high  o' , while  semiconductors  have  intermediate  values  of  a'.  More 
accurately,  the  temperature  dependence  of  a'  is  decreasing  for  metals,  but  increas- 
ing for  semiconductors.  Most  substances  are  non-magnetic  (//  = 1 and  x'm  = 0 
at  least  approximately).  For  diamagnets  //  < 1 and  x'm  < 0,  whereas  for  param- 
agnets  y!  > 1 and  x'm  > 0.  Finally,  ferromagnetics  are  characterized  by  y'  1 
and  x'm  ^ 0-  Also,  their  magnetic  permeability  and  susceptibility  depend  on  the 
magnetic  field  and  show  hysteresis.  In  such  a case  their  differential  varieties,  giving 
the  slope  of  the  respective  dependence,  can  be  used: 

jid  = dB/dH]  Xmd  = dM/dH.  (2.14) 

Note,  that  for  a non-absorbing  medium  either  a'  — > 0 (ideal  electric  insulator, 
i.e. , perfectly  transparent  medium),  or  a'  — > oo  (ideal  electric  conductor,  i.e., 
perfectly  reflecting  medium).  For  these  two  simple  cases  Ohm’s  law  2.16  becomes 
unimportant,  as  within  such  non-absorbing  media  either  J — 0,  or  E = 0, 
respectively. 

Most  difficult  to  describe  and  most  interesting  is  the  intermediate  case  of  bad 
conductors,  i.e.,  leaky  insulators.  Similar  is  the  case  of  good  conductors  or  insula- 
tors at  very  high  (optical)  frequencies:  both  the  bound  and  the  free  charge  carriers 
contribute  to  the  conducting  and  dielectric  properties.  In  most  practical  cases  it  is 
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not  easy  to  separate  the  contributions  by  these  two  types  of  charge  carriers.  There- 
fore, it  is  convenient  to  accept  the  following  convention:  currents  that  are  in  phase 
with  the  electric  field  will  be  described  as  conducting  currents  by  o'  regardless  of 
what  fractions  of  these  currents  are  due  to  free  or  bound  charge  carriers;  similarly, 
currents  that  are  7r/2  rad  out-of-phase  from  the  electric  field  will  be  described  as 
polarizing  currents  by  s'  regardless  of  what  parts  of  these  currents  are  due  to  bound 
or  free  charge  carriers.  This  seems  to  be  the  most  widespread  convention  among 
researchers  of  optical  properties  of  matter,  and  is  the  choice  for  this  dissertation, 
too.  Therefore,  from  this  point  on,  the  following  form  of  the  material  equations 
will  be  mostly  used 


D = e'  e0E]  B = /j,/j,0H , (2.15) 

Ohm’s  law  J = o'  E,  (2-16) 

In  some  equations  (e.g.,  in  subsection  2.2.2)  tildes  are  kept  over  both  o and 
£ as  a reminder,  but  such  equations  must  be  adapted  according  to  the  applicable 
convention:  removing  the  tilde  from  either  one,  or  replacing  both  with  their  real 
parts,  respectively. 

In  order  to  present  the  equations  in  a form  that  is  ready  for  more  general 
cases,  I was  forced  to  “expose”  the  tip  of  the  “iceberg”  about  absorbing  media 
at  this  early  stage.  More  details  and  a more  systematic  presentation  are  given  in 
subsection  2.2.5,  as  well  as  in  section  3.1. 

2.1.4  Boundary  Conditions 

Let  us  consider  two  semi-infinite  media  filling  all  of  space.  On  the  surface  form- 
ing the  interface  between  them,  the  following  boundary  conditions  apply  (deriva- 
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tion  can  be  found  in  many  books  [3,6,5]): 


fii,2  • 

(D(2) 

- D (1))  = 

ni,2  • 

(B(2) 

- B{1))  = 

0, 

(2.17) 

ni,2  X 

(. e{2) 

- Em)  - 0; 

nu  x 

(. H{2) 

- H«)  = 

J Si 

(2.18) 

where  gs  is  the  surface  density  of  electric  charges  located  at  the  interface,  J s 
the  surface  density  of  electric  current  flowing  along  the  interface.  The  subscripts 
denote  the  medium  and  ni2  is  a unit  vector  that  is  normal  to  the  interface  and  its 
direction  is  from  medium  (1)  to  medium  (2). 

The  boundary  conditions,  equations  2.17  and  2.18,  can  be  projected  on  the 
normal  (subscript  n)  and  a tangential  (subscript  r)  axis  along  the  surface  current: 

£?  - £>'■>  = ft;  Bf  - B<‘>  = 0,  (2.19) 

E ® - E™  = 0;  H M = Js.  (2.20) 

The  latter  form  makes  it  transparent  that  the  normal  components  of  B and  the 
tangential  components  of  E are  continuous;  in  contrast  the  normal  components 
of  D and  the  tangential  components  of  H can  experience  a jump  at  the  interface 
whenever  surface  electric  charges  and/or  surface  electric  currents  are  present  there. 
This  jump  results  from  a spatial  discontinuity  of  the  medium.  Similarly,  one  can 
consider  a jump  due  to  a time  discontinuity  of  the  field  sources  (switching  on  or 
off)  [5], 

The  boundary  conditions  given  above  hold  true  even  for  an  imaginary  surface 
within  any  uniform  medium,  but  this  is  a trivial  case. 


17 

2.1.5  Electromagnetic  Energy,  Momentum,  Angular 
Momentum  and  Their  Conservation 

2. 1.5.1  General  case 

For  convenience,  only  the  basic  equations  are  listed  here.  Derivations  can  be 
found  in  a number  of  sources  [2,5-7].  Here  all  fields  are  real  because  the  equations 
are  quadratic  with  respect  to  the  fields  and/or  their  sources,  and  so  the  gener- 
alization to  complex  notation  is  not  straightforward.  Therefore,  it  will  be  done 
later. 

1.  The  energy  density  for  the  magnetic  and  the  electric  field,  respectively,  is 

B E 

um  = J H ■ d B]  ue  = J D ■ d£.  (2.21) 

o o 

where  B and  £ are  dummy  variables  for  the  magnetic-field-flux  density  and 
the  electric  field,  respectively.  The  integrals  can  be  taken  when  the  material 
equations  are  linear  and  isotropic 

um  = H ■ B / 2;  ue  = D ■ E / 2,  (2.22) 

and  combining  these  two  terms  we  get  the  total  energy  density  of  the  elec- 
tromagnetic field 

uem  — Um  + ue  = (B  H + E ■ D)  / 2.  (2.23) 

2.  The  Poynting  vector  (i.e.,  the  electromagnetic-energy-flux  density)  is 


S = ExH. 


(2.24) 
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3.  The  volume  density  of  the  electromagnetic-field  momentum  is 


gem  = S/v2  = S/{ncf. 


(2.25) 


4.  The  volume  density  of  the  electromagnetic-field  angular  momentum  is 


5.  The  continuity  equation  in  this  case  is  simply  the  energy-conservation  law 


where  the  third  term  represents  the  power  per  unit  volume  related  to  the 
conversion  of  electromagnetic  energy  into  mechanical  energy. 

6.  Momentum  conservation  can  be  expressed  by 


where  pmec/l  is  the  volume  density  of  mechanical  momentum,  and  — T is 
the  momentum-flux  volume  density.  Here  T is  the  symmetric,  second-rank, 
stress  tensor.  In  general  it  can  include  an  elastic,  electric,  and  magnetic 
terms.  For  the  special  case  of  vacuum  the  elastic  term  is  zero  and  what  is 
left  is  Maxwell’s  electromagnetic  stress  tensor  with  components 


TH  = eo  (Ei  E}  - 5tjE2/  2)  + (BiBj  - 5{j  B2 / 2)/ g0,  (2.29) 


Lem  = T x gem  = V X S /C2. 


(2.26) 


V-S  + ^ + J-E  = 0, 

at 


(2.27) 


(2.28) 


where  the  portion  before  the  plus  sign  gives  the  stress  within  dielectric  mate- 
rials, whereas  the  portion  after  the  plus  sign  gives  the  stress  within  magnetic 
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materials.  The  electromagnetic  stress  tensor  for  more  complicated  cases  can 
be  found  in  more  advanced  books  [3,4], 

7.  Angular  momentum  conservation  is  expressed  by 


where  Lmech  = r x pmech  is  the  volume  density  of  the  mechanical  angular 
momentum,  and  r x V ■ (—  T)  is  the  torque  volume  density. 

8.  The  differential  form  of  Joule-Lenz’s  law 


gives  the  power  per  unit  volume  that  is  converted  into  heat. 

The  equations  in  this  subsection  up  to  this  point  are  general  and  hold  true  for 
any  real  fields,  even  static  ones. 

2. 1.5. 2 Harmonic  fields  in  linear,  isotropic,  homogeneous  media 

A few  additional  points  follow  for  this  special  case. 

1.  The  energy  densities  of  the  magnetic  and  electric  parts  of  the  wave  are 


(2.30) 


(2.31) 


HB/2  = B2 / (2  p p0)  = E2 / (2v2[ip0)  = ee0E2/  2,  (2.32) 


DE/2  = ee0E2/  2 = um, 


(2.33) 
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and  so  the  total  energy  density  of  the  electromagnetic  wave  is 

^em  — ^ m “h  Ue  = 2 Um  = 2 Ue  = £ £a  E . (2.34) 

2.  The  magnitude  of  the  Poynting  vector  for  the  case  of  a transverse  monochro- 
matic wave  with  mutually  orthogonal  electric  and  magnetic  fields  is 

5 = \S\  = \E  x H\  = EH  = EB/{nn0)  = E2/(y^^0) 

= v££0E2  = vuem  = nc££aE2.  (2.35) 

3.  The  time- average  of  S is  the  intensity  of  the  wave: 

/ = (S)  = nc££0  ( E 2)  = nc££DE2/  2.  (2.36) 

4.  The  pressure  exerted  by  an  electromagnetic  wave  is 

P = v Qem  = s/v  = S / (nc ) = ££0E2.  (2.37) 

2.2  Electromagnetic  Radiation 

2.2.1  Radio- Frequency  Transmission  Line 

Let  us  consider  the  transmission  line  with  distributed  parameters  shown  in 
Figure  2.1.  The  distributed  parameters  are  characterized  by  the  following  linear 
densities:  series  resistance  R,  series  inductance  L,  parallel  conductance  G,  and 
parallel  capacity  C [3,  pp.  549-550].  The  series  impedance  per  unit  length  and  the 
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Figure  2.1:  Schematic  model  of  a transmission  line  with  distributed  parameters, 
parallel  admittance  per  unit  length  are 


Zs  — R — iu  L\ 


Yp  = G - iuC. 


(2.38) 


The  voltage  and  current  distributions  along  the  line  must  satisfy  the  following 
first-order  coupled  differential  equations: 


dV 

r 91 



~(R 

- i uL)I  = 

dz 

~L~dt 

- RI  = 

- zsi , 

(2.39) 

dl 

„dV 

-(G 

dz 

-cw 

— GV  = 

- i uC)V  = 

-YPV, 

(2.40) 

which  can  be  decoupled  at  the  expense  of  increasing  the  order  by  one  to  get  the 
second-order  telegraphic  equations 


d2  U 
dz 2 


LC 


d2U 

dt 2 


+ (LG  + RC) 


dU_ 

dt 


+ RGU, 


(2.41) 


where  U can  be  either  the  voltage  V , or  the  current  I,  in  complex  notation.  Replac- 
ing the  time  partial  derivative  by11  — i u>  we  can  eliminate  the  time  dependence, 


11  Explanation  for  the  minus  sign  is  given  in  subsection  2.2.3 
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and  thus  get  the  Helmholtz  equation12  (which  can  also  be  obtained  directly  by 
using  the  right  most  terms  of  equations  2.39  and  2.40) 


d2u 

dz 2 


{-\uL){-\uC)U  - i u{LG  + RC)U  + RGU 


= (R  - i uL)(G  - iu >C)U  = ZSYPU.  (2.42) 

The  solution  of  equations  2.41  is  a current- voltage  wave  traveling  to  the  right 
(top  signs),  or  to  the  left  (bottom  signs) 

7 = 70e±i*z-iwt;  V = ±ZI,  (2.43) 

where  Z is  the  characteristic  impedance  of  the  transmission  line.  The  same  solution 
applies  also  for  equations  2.42,  except  for  the  fact  that  now  the  time  dependence 
is  optional. 

Substituting  the  solution  2.43  into  equations  2.39  and  2.40  we  get  two  equations. 
By  multiplying  or  dividing  these  equations  we  get  the  propagation  constant  k and 
the  characteristic  impedance  Z of  the  transmission  line 

k = i Z = \jzs/Yv.  (2.44) 

2.2.2  Wave  Equation 

Let  us  consider  a medium  that  is  isotropic,  but  possibly  inhomogeneous.  Taking 
the  curl  of  Ampere’s  law  2.1  and  Faraday’s  law  2.2,  and  using  two  of  the  material 
equations  2.15,  we  get  two  coupled  equations  [9]: 

12Compare  with  equation  2.62 
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V x (V  x E)  = 


8e\ 

atj  + VxJ' 

(2.45) 

8b\ 

(2.46) 

dt  ) • 

Applying  the  vector  equalities  (which  hold  true  even  for  complex  quantities) 


V x (V  X A)  = 

V(V-A)  - V2A, 

(2.47) 

V x (a  A)  = 

(Va)  x A + 5 V x A, 

(2.48) 

V • (a  A)  = 

(V5)  • A + a V • A, 

(2.49) 

and  substituting  Maxwell’s  equations  2. 1-2.4,  and  the  constitutive  relations  2.15 
where  necessary,  one  can  decouple  the  wave  equations  for  the  electromagnetic  field: 

DH  + V ■ H^j  + ~ x (V  x H)  = 


— - x J - V x J,  (2.50) 


UE  + V 


x (V  x E) 


dE 

^oa  — 


£0V|.  (2.51) 


Above  □ is  the  complex  d’Alembertian  operator 


d 2 


lie 


□ = V-  - [iii0ee0—  = V — 


dt2' 


(2.52) 
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In  the  special  case  of  vacuum  (fj,  = 1 = e)  it  is  reduced  to  the  usual  d’Alembertian 


□ = V2 


cP_ 

^°e°  Qf2 


= V2 


i d 2 
c2  dt2 


(2.53) 


Even  if  we  created  some  electric  charge  distribution,  e.g.,  with  the  time  depen- 
dence of  an  electromagnetic  wave,  within  a conductor,  such  an  oscillating  charge 
distribution  would  fall  off  exponentially  [5,  p.  736]: 


g = Q0  exp(— 'not  — t / r), 


(2.54) 


where  f = ee0  / a is  the  complex  relaxation  time.  When  the  conductivity  a is 
appreciable,  ut'  <C  1,  and  it  is  clear  that  any  charge  oscillation  within  a good 
conductor,  caused  by  an  electromagnetic  wave,  would  be  damped  long  before  a 
full  cycle  has  been  completed.  Hence,  for  good  conductors  g = 0 for  all  practical 
purposes.13  Therefore,  for  conducting  media  with  VJ1  = 0,  but  with  possibly 
inhomogeneous  dielectric  function,  the  wave  equations  are: 


DH  + -4-  x (V  x H) 
e 


Ve 


x J — V x J, 


(2.55) 


UE  + V 


li  Ho  a 


dE_ 
dt  ' 


(2.56) 


where  J is  given  by  Ohm’s  law  2.16.  Provided  the  conductivity  is  uniform,  i.e. , 
Vcr  = 0,  by  using  Faraday’s  law  2.2,  we  transform  the  last  term  in  equation  2.55 
into  another  form 


V 


x J = <jV  x E = -a 


dB 

dt 


_ dH 


(2.57) 


13The  only  term  with  g in  the  wave  equations  2.50  and  2.51  would  vanish  even  for  a bad 
conductor,  provided  we  were  dealing  with  a homogeneous  “leaky”  dielectric. 
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The  presence  of  first  derivatives  of  the  fields  with  respect  to  time  in  the  wave 
equations  is  an  immediate  indication  that  only  damped  electromagnetic  waves  are 
possible  within  conducting  media. 

For  homogeneous  conducting  media  the  wave  equations  2.55  and  2.56  are  fur- 
ther reduced  to 


OH  = fi  n0  a 


dH 

dt  ’ 


~~  dE 

OE  - nn0a—, 


(2.58) 


where  equation  2.57  has  been  used. 

Finally,  for  the  simplest  case  of  an  uniform,  non-absorbing  medium  (e.g.,  trans- 
parent dielectric),  in  equations  2.58  we  can  substitute  a — 0;  furthermore  the 
material  coefficients  become  real,  and  we  get  the  regular  d’Alembert  equations 


OH  — 0;  OE  = 0. 


(2.59) 


All  of  the  equations,  from  the  beginning  of  the  chapter  to  this  point,  can  be 
reduced  to  their  form  for  vacuum  by  first  substituting  e = 1 = ju,  g = 0 = a (and 
J = 0)  and  then  substituting  H and  D using  the  reduced  material  equation  2.13 
and  its  analog  obtained  by  reducing  the  left  equation  2.15. 


2.2.3  Electromagnetic  Waves 

The  wave  equations  listed  above  imply  the  existence  of  electromagnetic  waves. 
These  equations  have  various  solutions  depending  on  the  boundary  and  initial 
conditions.  The  waves  can  be  either  monochromatic  or  with  complicated  wave 
forms.  According  to  Fourier’s  theorem  [8],  any  general  field  can  be  represented 
as  a superposition  (an  integral  for  the  continuous  case  or  a sum  for  the  discrete 
one)  of  an  infinite  (or  for  special  cases — finite)  number  of  components  with  various 
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frequencies.  Therefore,  one  can  simply  consider  a monochromatic  solution.  By 
solving  the  wave  equation  in  different  coordinate  systems  one  can  get  solutions 
with  different  form  of  the  wave  fronts.  E.g.,  in  spherical  coordinates  one  would  get 
spherical  waves,  in  elliptical  coordinates  elliptical  waves,  in  cylindrical  coordinates 
cylindrical  waves.  Herein,  for  simplicity  and  brevity,  only  the  solution  in  Cartesian 
coordinates  will  be  considered — plane  waves.  Thus,  a possible  dynamic  solution  of 
equations  2.59  is  a plane,  running,  electromagnetic  wave 

H = H0e*i{uJt~k  r)-1  E = E0  ~ k r\  (2.60) 

where  u ; is  the  angular  frequency,  k is  the  wave  vector  pointing  in  the  direction  of 
propagation  (its  magnitude  is  the  wave  number  k),  and  r is  the  distance  from  a 
reference  planar  wave  front  containing  the  coordinate  origin.  The  quantities  with 
subscript  “o”  are  the  complex  amplitudes  [5-7]. 

At  this  moment  we  are  free  to  choose  either  the  top  or  the  bottom  signs  in  the 
exponents  above.  However,  once  the  choice  has  been  made,  one  has  to  be  consistent 
as  some  further  definitions  depend  on  it.  Namely,  the  complex  refractive  index  is 
defined  as  n = n ± i k,  the  complex  dielectric  permittivity  as  e = s'  ± is",  and  the 
complex  conductivity  as  a — o'  ± i a" . Because  of  the  latter  three  definitions,  the 
top  signs  tend  to  be  chosen  most  often  by  physicists,  and  will  be  used  from  now 
on  in  this  dissertation.  Engineers  seem  to  prefer  the  bottom  signs,  though. 

In  general,  for  any  waves  we  have 


UJ  = 2 TV  V, 


(2.61) 
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where  v is  the  frequency,  and  its  inverse  l/u  is  the  period.14  An  important  fact  is 
that  the  frequency  and  the  angular  frequency  do  not  depend  on  the  medium  char- 
acteristics. In  other  words,  when  a monochromatic  electromagnetic  wave  crosses 
the  interface  between  two  media,  its  u and  lu  remain  the  same. 

If  one  does  not  care  about  the  temporal  properties  of  electromagnetic  waves, 
but  is  only  interested  in  their  spatial  characteristics,  by  substituting  the  ansatz 
solution  2.60  into  2.59  one  can  get  the  Helmholtz  equation 

[V2  + (u>/e)2]  H„{ r)  = 0;  [V2  + (u/c)2]  E,(r)  = 0.  (2.62) 

2.2.4  Electromagnetic  Waves  within  Insulating  Media. 

Polarization  of  the  Waves. 

Let  us  consider  an  insulating,  transparent  medium  characterized  by  relative 
permittivity  £,  relative  permeability  /r,  as  well  as  by  DC  conductivity  aDC  = 0 
(J  = 0 at  uj  = 0).  In  such  a medium,  the  plane,  running,  electromagnetic  wave 
described  by  equations  2.60,  propagates  with  phase  velocity  equal  to  the  velocity 
of  light  within  that  medium  [5-7] 

V = 1 / yjn  Ho  £i  Eo  = C / y/jTe.  (2.63) 

where  c is  the  speed  of  light 

c = 1 / y/^0  £o-  (2.64) 

The  fact  that  in  vacuum  electromagnetic  waves  propagate  with  phase  velocity 
equal  to  the  speed  of  light  has  been  the  initial  clue  that  light  is  actually  a certain 
type  of  electromagnetic  waves. 

14 Usually  the  period  is  denoted  with  T,  but  reserving  the  latter  symbol  for  the  absolute  tem- 
perature, I prefer  to  use  \/v. 
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The  ratio  of  equations  2.64  and  2.63  is  in  fact  the  refractive  index  of  the  trans- 
parent material: 

n = c / v = yfJjTi.  (2.65) 

We  have  the  usual  relations  in  a convenient,  though  very  redundant  form: 


A v = Xu  / (2tt)  = lu  / k, 

(2.66) 

2ttv/X  = kv, 

(2.67) 

27r/A  = v / v = u / V. 

(2.68) 

where  A is  the  wavelength  within  the  insulating  medium. 

Combining  equations  2.65  and  2.68  we  get: 

k = nco  / c.  (2.69) 

Let  us  now  substitute  the  wave  solution  2.60  into  the  wave  equation  2.59, 
and  into  Maxwell’s  equations  2. 1-2.4  (with  J = 0),  using  also  the  material  equa- 
tions 2.15.  This  is  equivalent  to  replacing  the  operators  V and  dfdt  with  i Aq 
and  — ic u,  respectively;  and  so  we  get 


k 2 

2 / 2 
= or/tT, 

(2.70) 

k B = \ 

0; 

k D = 0, 

(2.71) 

k x H 

- —LU  D = — £ £0  LU  E 1 

(2.72) 

k x E 

= luB  — fi  Ho  ui  H . 

(2.73) 

Equation  2.70  leads  to  equations  2.68  and  2.69.  Any  of  the  other  three  lines  shows 
that  in  a non-conducting,  linear,  isotropic,  homogeneous  medium  the  three  vectors 
k,  E (or  D),  and  B (or  H),  are  mutually  perpendicular  to  each  other,  i.e. , the 
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electromagnetic  waves  are  of  the  transverse  type  (TEM).  Moreover,  from  the  last 
two  equations  above  one  can  see  that  the  electric  and  magnetic  field  are  in  phase 
with  each  other.  Indeed,  if  we  take  their  magnitudes,  we  get  the  relations 


kH  = luD] 

H = vD 

(2.74) 

kE  — uj  B-, 

E = v B 

(2.75) 

The  two  equations  on  the  right  side  were  obtained  from  those  on  the  left  side  using 
equation  2.67. 

All  equations  for  non-conducting  media  can  be  applied  for  the  special  case  of 
vacuum,  provided  we  set  //  = 1 = e.  Hence,  in  vacuum  the  electromagnetic  waves 
are  transverse,  and  E and  H are  in  phase  between  each  other,  as  well. 

If  the  electric  field  vector  is  always  parallel  to  some  constant  vector  the  wave  is 
linearly  polarized.  There  are  two  independent  states  of  linear  polarization  as  there 
are  two  directions  perpendicular  to  the  wave  vector.  E.g.,  if  k is  horizontal,  E is 
always  normal  to  it,  but  can  be  either  horizontal  or  vertical. 

Any  other  linear  polarization  can  be  obtained  as  a superposition  of  the  above 
two  added  in  phase. 

When  the  two  independent  waves,  linearly  polarized  in  two  orthogonal  direc- 
tions, have  the  same  amplitude,  but  differ  in  phase  by  90°  or  —90°,  one  gets  left 
or  right  circular  polarization.  If  one  looks  in  the  direction  of  k,  for  left  (right) 
circular  polarization,  E is  turning  clockwise  (counterclockwise)  with  time  at  any 
given  position  r.  If,  furthermore,  the  two  perpendicular  components  have  different 
amplitudes,  then  the  resultant  polarization  is  elliptic  rather  than  circular.  The 
elliptically  polarizeed  light  can  also  be  represented  as  a sum  of  a circularly  polar- 
izeed  wave  and  a linearly  polarizeed  wave.  Clearly,  the  circular  polarization  is  a 
special  case  of  the  elliptic  polarization. 
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When  circularly  polarizeed  light  is  incident  on  some  transparent,  anisotropic 
crystals  the  two  polarizations  can  be  transmitted  to  a different  degree  and  thus 
the  transmitted  light  becomes  elliptically  polarized. 

2.2.5  Electromagnetic  Waves  within  Conducting  Media 

The  electric  field  of  an  electromagnetic  wave  incident  upon  a conducting 
medium  will  induce  Foucault  vortex  currents  within  the  medium.  When  the  fre- 
quency is  high  enough  not  all  of  the  currents  can  follow  the  electric  field  instanta- 
neously. In  all  cases,  a current,  that  is  out  of  phase  with  the  electric  field,  can  be 
represented  as  a sum  of  two  components:  active  and  reactive.  The  active  compo- 
nent is  perfectly  in  phase  with  the  electric  field  and  leads  to  Joule’s  losses  (given 
by  equation  2.31),  whereas  the  reactive  component  is  out-of-phase  by  7r/2  rad  with 
the  electric  field  of  the  waveand  leads  to  a lossless  oscillation  of  electromagnetic 
energy  forth  and  back.  Faced  with  losses  due  to  active  induced  currents,  we  can 
expect  that  the  permittivity  e and  conductivity  d of  a conducting  medium  should 
become  complex.15  The  active  currents  are  related  to  the  real  part  o'  of  the  con- 
ductivity, or  to  the  imaginary  part  e"  of  the  permittivity,  whereas  the  reactive 
currents  are  related  to  the  imaginary  part  a"  of  the  conductivity  or  the  real  part 
e'  of  the  permittivity,  respectively. 

The  electromagnetic  properties  of  some  medium  can  be  characterized  by  any 
of  the  following  four  couples  of  quantities:  ( a ' , a"),  ( e e"),  (a",  e"),  and  (a1,  e'). 
In  this  dissertation  the  latter  choice  has  been  adopted.16  Therefore,  in  Ohm’s  law 
(the  left  equation  2.7  only  the  real  part  o'  of  the  conductivity  will  be  considered, 

15In  the  general  case,  there  could  be  magnetic  losses,  too.  However,  at  optical  frequencies  these 
losses,  as  well  as  the  magnetic  properties  of  the  medium  are  negligible,  so  we  can  consider  ft  to 
be  a real  constant  /i  « 1 . 

16But  to  make  this  presentation  thorough,  all  of  the  above  quantities  will  be  introduced  and 
the  relationships  among  them  will  be  given. 
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as  shown  in  equations  2.16  and  2.77;  the  imaginary  part  a"  will  be  hidden  in  the 
displacement  vector  D. 

D = e'e0E;  B = /i^H,  (2.76) 

J = a’E.  (2.77) 

From  Maxwell’s  equations  only  Ampere’s  law  2.1  is  affected  by  the  non-zero 
conductivity  a' . Substitution  of  Ohm’s  law  2.77  and  the  harmonic  wave  solution 
leads  us  to  the  following  equation  [10] 

k x H = —luD  — i a'  E = —uje0  [s’  + ia'/  (e0u)]  E.  (2.78) 

The  first  term  here  is  related  to  the  dielectric  properties  of  the  medium,  and  the 
second  one  - to  its  conductivity.  Even  if  we  were  to  assume  that  the  electric  field 
was  real  and  avoided  using  complex  representation,  equation  2.78  makes  it  immedi- 
ately clear  that  the  wave  vector  and  the  magnetic  field  in  conducting  media  should 
be  complex.  Physically,  the  complex  magnetic  field  describes  its  phase  lag  from  the 
electric  field,  whereas  the  imaginary  part  of  the  complex  wave  vector  implies  that 
the  electromagnetic  wave  within  the  absorbing  medium  are  damped.  Moreover, 
comparison  between  equations  2.78  and  2.72  shows  that  we  could  preserve  the 
appearance  of  the  equations  for  the  insulating  case,  provided  for  the  conducting 
case  we  introduced  a complex  dielectric  permittivity 

£ = s'  + ie"  = e'  + \<t'/{e0uj).  (2.79) 

whereupon  equation  2.78  is  reduced  to 


kxH  = —ujD  — i a' E = —{jJe0eE. 


(2.80) 
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This  is  equivalent  to  representing  the  conducting  properties  of  the  medium  as  a 
“dielectric”  properties  and  including  them  as  the  imaginary  part  of  the  complex 
dielectric  permittivity.  The  appearance  of  such  complex  functions  is  due  to  the 
fact  that  as  frequency  is  increased  the  response  of  the  medium  (e.g.,  D ) begins  to 
lag  behind  the  “driving  force”  (E  in  the  considered  example).  Thus  the  fraction 
of  the  response  that  is  in-phase  with  the  fields  is  represented  by  the  real  part  of 
the  complex  response  function  (e7),  the  one  that  lags  7t/2  rad  behind  is  given  by 
the  imaginary  part  of  the  complex  response  function  (e"),  and  the  ratio  of  these 
two  components  determines  the  actual  phase  lag  [11,  pp.  452-454], 

Next  substituting  the  wave  solution  into  the  wave  equation  2.58  we  get 

k = io2  / v2  + iuj  n Ho  a'  = u2ee0\xh0.  (2.81) 

On  the  other  hand  squaring 

k = k k = k'  + i k"\  k2  = 1 (2.82) 

we  get 

k2  = k'2  - k"2  + 2 i k'  ■ k".  (2.83) 

For  the  isotropic  case,  or  cubic  crystals,17  the  real  and  imaginary  parts  of  the  wave 
vector  are  collinear  and  k'  ■ k"  = k!  k".  In  this  case,  separating  the  real  and 
imaginary  parts  from  equations  2.81  and  2.83  gives 

k'2  — k "2  = uj2  s'  e0  n n0\  2k!  k"  = u>/r/i0cr'. 

17Normal  incidence  upon  the  crystal  surface  is  assumed. 


(2.84) 
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The  solution  of  these  simultaneous  equations,  taking  the  real  branch,  is 


k'2 


id2  e'Eq  /I  Hq 
2 


yjl  + cr'2/  (s'  £0u)2  + 1 , 


(2.85) 


- n2  u2  e'  E0  fJL  fi„ 


k = 


\/l  + a'2  / ( e'e0lu )2  - 1 


(2.86) 


These  equations  can  be  abbreviated  by  trigonometric  or  hyperbolic  substitu- 
tions [12].  The  trigonometric  substitution  is 


tan#  = a'/iue'so), 


(2.87) 


k'2  = uj2e'e0/dii0  sec#  cos2  (9/2), 


(2.88) 


k"  = u2  s'  e0  [i  \i0  sec  # sin2  (9/2). 


(2.89) 


And  the  hyperbolic  one  is 


sinht? 

= a'/(ue'E0), 

(2.90) 

k'2 

= lu2  e'  e0  /j,  ii0  cosh2  ($/2) , 

(2.91) 

k"2 

= u2  e1  Eo^Ho  sinh2  (i?/2). 

(2.92) 

Now,  let  us  consider  what  happens  with  the  wave  solution  when  the  wave  vector 
is  complex: 


H = H0  e 


— k" ■ r ±i  (ait  — k!  r) . 


E = H0  e-k"-re±i(Ut-k'.r) 


(2.93) 
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Evidently,  the  result  is  a spatially  damped  wave  with  a penetration  depth  (skin 
depth) 


S = 


k" 


2 £'  E0 


2 

U>2  £'  eo  fj,  fl0 

\/l  + er'VOd  £0u>)2  - 1 

HHo  o 


/2 


\J  1 + ct'2/(e'e0  u)2  + 1. 


(2.94) 


The  damping  is  caused  by  conversion  of  electromagnetic-wave  energy  into  Joule 
heat  due  to  inducing  Foucault  vortex  currents  within  the  medium. 

Furthermore,  from  equation  2.93  it  is  clear  that  the  planes  of  constant  phase  are 
perpendicular  to  k’ , whereas  the  planes  of  constant  amplitude  are  perpendicular 
to  k".  In  the  general  case  of  oblique  incidence  of  an  electromagnetic  wave  onto  a 
conducting  surface  these  two  parts  of  the  wave  vector  are  not  collinear,  and  hence 
the  two  sets  of  planes  are  not  parallel  to  each  other.  Even  worse:  because  of  the 


E 


are  not 


effects  from  the  damping,  the  surfaces  of  equal  electric-field  magnitude 
plane  at  all.  Such  waves  are  inhomogeneous  [3-5]  and  can  be  called  “plane”  only 
conditionally. 

The  phase  velocity  and  the  wavelength  within  a conducting  medium  are  reduced 
in  comparison  with  the  respective  quantities  for  a non-conducting  medium  with 
all  other  characteristics  being  identical 


LU 

r 

2 / ( £ Eo  ft  Ho) 

(2.95) 

k’ 

V\b 

+ a'2  / (£'  £0uj)2  + 1 ’ 

2-rrv 

2 7T 

/ 2 /(e'EoHHo) 

(2.96) 

uj 

u 1 

V v/i  + a'2/  + i 
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For  the  next  step  it  is  convenient  to  represent  the  complex  wave  vector  in  phasor 
form 


k 


k 


k 


e^; 


k2  = 1 where 


(2.97) 


k 


= Vk'2  + k"2  = 


U2  S'  £0  /X  Ho  y/l  + 


t/2 


/(e'e0uj)2  (2.98) 


k"  ly/ 1 + a'2/ (s' s0uj)2  - 1 

tan  lo  = — = * . 

k'  V yTT  a'2/  (e1  eau)2  + 1 

Let  us  now  consider  equation  2.73  with  a complex  wave  vector 


(2.99) 


ui  B = ii  Ho  u}  Hi  = k x E 


k 


e^  kx£. 


(2.100) 


From  this  equation  it  is  clear  that  the  phase  of  the  complex  wave  vector  happens  to 
be  also  the  phase  difference  between  the  electric  and  magnetic  components  of  the 
wave.  With  the  chosen  sign  conventions  the  phase  is  positive,  i.e.,  the  magnetic 
wave  lags  behind  the  electric  one.  For  the  special  case  a'  ~ aoc  = 0 at  w ~ 0, 
we  return  to  the  case  of  the  insulating  medium  and  the  phase  is  zero.  Conversely, 
for  a perfectly  conducting  medium  with  o'  ~ <Jdc  °o  at  u>  ~ 0,  the  phase  is 
7t/4  rad. 

Taking  the  modulus  of  equation  2.100  we  get  the  ratio  of  the  magnetic  and 
electric  amplitudes  within  the  conducting  medium 


B\  / | E 


(2.101) 


where 


k 


is  given  by  equation  2.98. 


36 


Approximations  can  be  made  for  the  limiting  cases  of  low  or  high  conductivity 
by  expanding  all  radicals  in  series  with  respect  to  the  small  parameter  and  keeping 
only  the  lowest-order  non- vanishing  terms. 


2. 2. 5.1  Waves  within  low-conductivity  media 


For  the  case  of  low  conductivity  (a1  -C  uje'e0)  the  results  are 


k!  = u \Je'  £0n  [i0 


a 


8 \e'  E0U 


(2.102) 


a nno 


2 V e'Eo 


(2.103) 


\j£\  y/ff  E0 


1 + 


2e'  e0 u 


(2.104) 


tan  ip  = 


2 s'  e0  ui  ’ 


(2.105) 


UJ 


V = —A  = yj£'  £o  H Po 
Z 7T 


1 - 


1 ( o' 


2 \2  £' £oL0 


(2.106) 


If  a'  = 0 is  substituted  into  equations  2.102-2.106,  we  recover  the  respective 


relations  for  an  insulator. 
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2. 2. 5. 2 Waves  within  high-conductivity  media 

For  the  case  of  high  conductivity  (a'  S>  uje'e0 ) the  results  are 


k'  = 


u a'  n Ho  £ e0  u> 


1 


2 o' 


„ _ jugr'  nn0  ( _ e'  e0u 

A ‘ 2 a' 


/ LU  = \B\  / \E\  = yj H Ho  v'/u, 


tan  ip 


1 - 


e'  £0m 

a1 


? 


^a  = ,rp^(  i - 

2 it  V cr'///r0  \ 2 a'  J 


(2.107) 

(2.108) 

(2.109) 

(2.110) 
(2.111) 


If  we  let  a'  ^ oo  in  equations  2.107-2.111,  we  recover  the  respective  relations 
for  a perfect  conductor. 


2. 2. 5. 3 Metal  or  dielectric? 

Rather  than  representing  the  conducting  properties  of  the  medium  as  “dielec- 
tric” ones,  and  including  them  as  the  imaginary  part  of  the  complex  dielectric 
permittivity,  as  we  did  in  equation  2.79,  we  can  do  exactly  the  opposite:  represent 
the  dielectric  properties  of  the  medium18  as  “conducting”  ones,  and  include  them 
as  the  imaginary  part  of  the  complex  conductivity 

a = a'  + icr"  = a'  + ie0(l  — e')u,  (2.112) 

18It  is  customary  to  leave  the  “contribution”  of  vacuum  to  the  dielectric  properties  as  it  is. 
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whereupon  we  get 

k x H = —uj  D — i o'  E — —uje0E  — xa  E.  (2.113) 

This  duality  of  the  possible  approaches  is  the  result  of  an  inherent  ambiguity  of 
the  dielectric  AC  response  and  conducting  AC  response  of  the  medium.  The  two 
can  be  distinguished  unambiguously  only  at  DC  fields  (uj  = 0),  which  cause  the  free 
charges  to  move,  and  the  bound  charges  to  be  displaced.  At  low  frequencies  the 
difference  is  partially  preserved  in  the  sense  that  the  free  charges  are  characterized 
by  mostly  real  conductivity,  and  the  bound  charges  are  characterized  by  mostly  real 
dielectric  function.  However,  at  optical  frequencies  even  this  difference  is  already 
entirely  blurred,  as  both  free  and  bound  charges  oscillate  in  a very  similar  manner, 
with  a certain  phase  delay  with  respect  to  the  field  [13,  pp.  776-777]. 

Another  way,  to  understand  this  is  given  by  J.  D.  Jackson  [6].  The  dispersion 
of  both  metals  and  dielectrics  is  governed  by  a number  of  resonances.19  The  only 
essential  difference  between  metals  and  dielectrics  is  that  the  former  have  the 
Drude  resonance  centered  at  zero  frequency,  whereas  the  latter  do  not  have  a zero- 
frequency  resonance.  Thus,  as  the  frequency  is  increased  the  importance  of  the 
Drude  peak  diminishes  until  the  difference  with  dielectrics  is  lost. 

In  conclusion,  it  can  be  summarized  that: 

• good  conductors  at  low  frequencies  are  described  sufficiently  by  o'  which 
dominates  s'; 

• good  insulators  at  low  frequencies  are  described  sufficiently  by  e'  which  dom- 
inates o'] 


19This  is  covered  in  some  detail  in  subsection  3.1.5. 
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• bad  conductors  or  leaky  insulators  at  low  and  intermediate  frequencies 
require  the  use  of  both  o'  and  e'\ 

• “good”  conductors  and  “good”  insulators  at  optical  frequencies  are  not  that 
good  anymore  and  also  require  the  use  of  both  o'  and  e'\ 

• at  sufficiently  high  frequencies  the  optical  differences  between  metals  and 
insulators  disappear  completely. 

2.2.6  Products  of  Harmonic  Electromagnetic  Fields 
in  Complex  Notation 

In  this  and  the  next  subsections  all  fields  are  considered  to  be  harmonic  waves 
propagating  within  a non-absorbing  medium,  that  is,  they  are  given  by  equa- 
tions 2.60,  or  similar  ones. 

If  one  needs  the  products  of  fields  (e.g.,  if  • B),  one  has  to  take  the  real  parts 
first: 


H B 


Re  {if}  • Re  |h|  = (if*  + if)  • (B*  + B)  / 4 


(H * ■ B*  + H B + H*  B + H ■ B*)  / 4 


* 


+ H0  B0  + if  o • Ba)  / 4. 


(2.114) 


However,  in  optics  the  fields  are  quickly  oscillating  with  time  whereas  most 
detectors  give  us  only  the  time-averaged  values.  Thus,  upon  time- averaging  equa- 
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tion  2.114,  the  oscillating  exponential  terms  vanish  and  we  are  left  with  [2] 

(H  B)  = 1 (H'0-B0  + Ho-K)  = \ ((Ho-Boy  + H0  Bo ) 

= 1 Re{H„.B;}  = 1 Re{5-S”}  = 1 Re{H*-B}.  (2.115) 

A similar  derivation  can  be  made  for  both  tensor  product  (which  will  not  be  used 
herein)  and  cross  product: 


(E  x H) 


\ (X  xH0  + E0x  H0 } 

\ {[E0  x Hoy  + E0  x i Re  { E0  x H*  j 

^ Re|^  x fF}  = 1 Rej-E*  x Ef}  . (2.116) 


Above,  the  time- averaging  symbols 
the  following 


(B)  = 


for  the  case  of  harmonic  functions  mean 


l/u 

J> 


Bdt. 


o 


(2.117) 


2.2.7  Energy  and  Momentum  of 

Harmonic  Electromagnetic  Fields 

Below,  the  basic  equations  are  only  listed  for  convenience.  Derivations  can  be 
found  in  advanced  courses  [2,6]. 
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The  complex,  time-averaged  energy  densities  for  the  magnetic  and  the  electric 
field  are  respectively 

(um)  = H B* / 4;  (ue)  = D E/  4.  (2.118) 


The  complex,  time-averaged  Poynting  vector  is 

(S)  = Ex  H* / 2. 


(2.119) 


The  magnitude  of  the  real  part  of  this  complex,  time-averaged  Poynting  vector 
is  the  intensity  of  the  electromagnetic  wave 


I = 


(2.120) 


The  intensity  of  an  electromagnetic  wave  within  an  uniform  absorbing  medium  is 
given  by 


I = 


(2.121) 


If  the  medium  is  not  absorbing  |en|  in  the  latter  expression  will  simply  be  replaced 
by  en.  More  details  about  absorbing  media  were  given  in  subsection  2.2.5. 

The  complex  continuity  equation  for  the  case  of  harmonic  fields  is 


V-5  + 


d(ue 


Ur 


dt 


+ j 


E = 0. 


(2.122) 


The  real  part  of  this  equation  is  the  energy  conservation  law  for  the  case  of  har- 
monic fields,  while  its  imaginary  part  is  related  to  the  reactive  energy  and  its 
alternating  conversion  between  electric  and  magnetic  form. 
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2.2.8  Electromagnetic  Spectrum 

The  electromagnetic  spectrum  is  a continuum  covering  the  total  range  of 
frequencies  or  wavelengths  of  the  electromagnetic  waves.  Very  simplistically  it 
extends  in  frequency  from  zero  to  infinity,  or  in  wavelength  from  infinity  to  zero. 
Actually,  it  is  bound  on  both  sides  in  a narrower  range  that  comprises  the  current 
state  of  the  art  in  the  technology  for  generation  and/or  detection  of  electromagnetic 
waves. 

Currently  there  are  no  theoretical  indications  that  the  lower  theoretical  bound 
for  energy  or  frequency  should  exceed  zero.  But  it  is  very  hard  to  generate  and 
detect  waves  with  frequency  very  close  to  zero  as  their  wavelength  would  tend  to  be 
infinite  and  the  needed  antennae  must  be  really  huge.  The  lowest  frequency  (about 
8 Hz)  that  has  been  observed  is  for  the  standing  waves  between  the  ionosphere 
and  the  Earth  [10].  Greater  success  might  be  accomplished  within  an  AC  circuit 
or  transmission  line  if  no  radiation  into  free  space  is  required.  But  even  in  this 
case,  when  the  frequency  gets  very  low  it  is  hard  to  distinguish  the  oscillations 
from  plain  DC.  Besides,  these  are  no  waves  in  free  space  anymore.  On  the  other 
extreme,  we  depend  on  our  ability  to  measure  cosmic  gamma  rays  with  very  high 
energy  (frequency).  Also,  at  very  high  energies  one  reaches  unprobed  secrets  of 
nature  like:  What  happened  in  a tiny  period  of  time  after  the  big  bang?  What 
was  there  before  the  big  bang?  Problems  which  have  stumbled  modern  physics  for 
now.  Anyway,  from  the  quantum  theory  of  electromagnetic  waves  it  is  immediately 
clear  that  infinite  frequencies  are  impossible  as  the  corresponding  photons  would 
have  infinite  energy. 

A rough  division  of  the  spectrum  is:  ionizing  rays,  optical  waves,  radio  waves, 
AC  electrical  waves.  A finer  division  for  each  of  these  is  presented  in  Tables20  2.1- 


20The  information  presented  in  these  tables  has  been  collected  from  numerous  internet  sites. 
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2.5.  The  limits  of  the  various  regions  are  often  not  very  specific  and  vary  in  the 
literature  sources.  Besides,  often  some  of  the  regions  overlap — because  of  historical 
reasons  the  differentiation  between  them  is  made  based  on  the  method  of  generation 
rather  than  on  some  essential  physical  characteristics.  Of  course,  the  waves  from 
the  overlapping  regions  are  physically  indistinguishable.  Close  to  the  upper  limit 
of  the  spectrum  (high-energy  cosmic  gamma  rays)  we  still  cannot  generate,  but  we 
can  only  detect  very  rare  events  reaching  us  from  space. 

Table  2.1:  Ionizing  Electromagnetic  Waves. 


Spectral  Range 

E , eV 

v , THz 

A,  nm 

7-Ray 

Bursts 

1.00(1015-1021) 

2.42x  (1017-1023) 

1.24x(10-9-1CU15) 

Cosmic  and 
Accelerator 
7 Rays 

1.00(5xl06-1015) 

1.21(109-2x  1017) 

1.24(2  x 10-4-lCU9) 

Nuclear-Decay 
7 Rays 

1.00(102-5xl06) 

1.21(2x  104-109) 

1.24(101-2x  10-4) 

Hard  AT  Rays 

1.24x(102-108) 

3.00x  (104-1010) 

1.00x(101-10-5) 

Soft  X-Rays 

1.24x  (lCfi-lO2) 

3.00x(103-104) 

1.00x(102-101) 

Table  2.1  presents  the  ionizing  electromagnetic  waves.  The  energy  is  by  far 
the  most  frequently  used  variable  for  these  rays,  even  though  in  x-ray  analysis  the 
wavelength  is  also  very  convenient. 

Tables  2. 2-2. 4 cover  the  optical  region  of  the  spectrum.  Table  2.2  lists  the 
ultraviolet  (UV)  sub-ranges.  Strictly  speaking,  the  extreme  (vacuum)  ultraviolet 
(VUV)  also  belongs  to  the  ionizing  rays  and  should  be  at  the  bottom  of  Table  2.1, 
but  for  simplicity,  this  sub-range  of  the  UV  region  is  listed  together  with  the  rest 
of  the  UV  sub-ranges.  In  medicine  the  soft  UV  rays  are  subdivided  by  their  effect 
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on  human  skin  into  UV  A,  B,  and  C.  Both  the  energy  and  the  wavelength  are  in 
common  use,  the  former  being  preferred  for  the  VUV,  and  the  latter  for  the  softer 
UV  ranges. 


Table  2.2:  Ultraviolet  Electromagnetic  Waves. 


Spectral 

Range 

u,  102cm  1 

E,  eV 

v,  THz 

A,  nm 

VUV 

500-14300 

6.20-177. 

(15.0-42.8)  xlO3 

200-7.0 

UV  C 

333-500 

4.13-6.20 

(1.00-1.50)  xlO3 

300-200 

UV  B 

286-333 

3.54-4.13 

857-1000 

350-300 

UV  A 

263-286 

3.26-3.54 

790-857 

380-350 

Table  2.3  is  a detailed  enumeration  of  the  pure  colors  in  the  visible  range  of 
the  electromagnetic  spectrum.  The  wavelength  in  nanometers  seems  to  be  the 
most  popular  spectroscopic  variable  in  the  visible,  but  physicists  like  the  energy 
in  electronvolts,  too.  The  colors  are  subjective  to  a certain  extent.  Furthermore, 
the  bounds  of  the  visible  part  of  the  spectrum  are  also  somewhat  subjective — not 
all  persons  can  see  the  lowest  and  highest  visible  wavelengths.  The  maximum 
sensitivity  of  the  human  eye  is  at  wavelengths  about  Xmax  = 555  nm.  For  any 
particular  pure  color  a sub-range  that  is  closer  to  Xmax  appears  lighter,  whereas  a 
sub-range  that  is  farther  from  Xmax  appears  darker  (deeper). 

Table  2.4,  even  though  the  shortest,  is  most  related  to  the  current  disserta- 
tion — it  presents  the  infrared  (IR)  range.  Here  the  spectroscopic  wave  number 
in  reciprocal  centimeters  is  the  unit  of  choice,  but  the  wavelength  in  micrometers 
and  the  photon  energy  in  milli-electronvolts  are  also  very  popular. 

Table  2.5  includes  the  radio  and  electric  electromagnetic  waves,  characterized 
by  either  the  frequency  or  the  wavelength.  It  starts  with  the  microwaves: 


decimillimetric  wavelengths, 
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Table  2.3:  Visible  Electromagnetic  Waves. 


Color 

v,  103cm_1 

E,  eV 

v,  THz 

A,  nm 

violet 

26.3-23.8 

3.26-2.95 

789-714 

380-420 

indigo 

23.8-22.0 

2.95-2.72 

714-659 

420-455 

dark  blue 

22.0-21.3 

2.72-2.64 

659-638 

455-470 

blue 

21.3-20.6 

2.64-2.55 

638-618 

470-485 

light  blue 

20.6-20.0 

2.55-2.48 

618-600 

485-500 

cyan 

20.0-19.2 

2.48-2.38 

600-577 

500-520 

dark  green 

19.2-18.9 

2.38-2.34 

577-566 

520-530 

green 

18.9-18.5 

2.34-2.30 

566-555 

530-540 

light  green 

18.5-18.2 

2.30-2.25 

555-545 

540-550 

yellow-green 

18.2-17.4 

2.25-2.16 

545-521 

550-575 

light  yellow 

17.4-17.3 

2.16-2.15 

521-519 

575-578 

yellow 

17.3-17.2 

2.15-2.13 

519-515 

578-582 

dark  yellow 

17.2-17.1 

2.13-2.12 

515-512 

582-585 

light  orange 

17.1-16.8 

2.12-2.08 

512-504 

585-595 

orange 

16.8-16.4 

2.08-2.03 

504-491 

595-610 

dark  orange 

16.4-16.1 

2.03-1.99 

491-481 

610-622 

light  red 

16.1-15.2 

1.99-1.88 

481-454 

622-660 

red 

15.2-13.9 

1.88-1.72 

454-416 

660-720 

dark  red 

13.9-12.8 

1.72-1.59 

416-384 

720-780 

Table  2.4:  Infrared  Electromagnetic  Waves. 


Spectral 

Range 

z?,  cm  1 

E,  meV 

v,  THz 

A,  fj,m 

near  IR 

4000-13500 

496-1670 

120-405 

2.5-0.74 

mid  IR 

200-4000 

24.8-496 

6.0-120 

50-2.5 

far  IR 

5-400 

0.62-49.6 

0.15-12 

2000-25 
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• millimetric  wavelengths  or  EHF  (Extremely  High  Frequencies)  - used  for 
military  and  space  communications  and  satellite  TV,  and 

• centimetric  wavelengths  or  SHF  (Super  High  Frequencies)  - used  for  wireless 
communications . 

Next  come  the  radio  waves: 

• USW  (Ultra  Short  - decimetric  - Wavelengths)  or  UHF  (Ultra  High  Fre- 
quencies) - used  for  TV  broadcasting, 

• USW  (Ultra  Short  - metric  - Wavelengths)  or  VHF  (Very  High  Frequencies) 
used  for  TV  and  FM  broadcasting, 

• SW  (Short  - decametric  - Wavelengths)  or  HF  (High  Frequencies), 

• MW  (Middle  - hectometric  - Wavelengths)  or  MF  (Middle  Frequencies)  - 
used  for  AM  broadcasting, 

• LW  (Long  - kilometric  - Wavelengths)  or  LF  (Low  Frequencies), 

• VLW  (Very  Long  - decakilometric  - wavelengths)  or  SLF  (Super  Low  Fre- 
quencies). 

Finally,  the  electric  waves  are  listed: 

• voice  (hectokilometric  - wavelengths)  or  ULF  (Ultra  Low  Frequencies), 

• megametric  - wavelengths  or  ELF  (Extremely  Low  Frequencies), 

• decamegametric  - wavelengths  or  SELF  (Sub?  Extremely  Low  Frequencies), 

• hectomegametric  - wavelengths  or  SELF  (Sub?  Extremely  Low  Frequencies). 
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The  acronym  SELF  for  the  latter  two  regions  was  found  at 
http://www.rso.utcih.edu/teacher/radfund/fslide5.html  and  I assume 
it  stands  for  “Sub  Extremely  Low  Frequencies”.  The  electric  waves  have  been 
considered  hard21  to  be  radiated  and  detected  in  free  space  since  incredibly  huge 
antennae,  comparable  to  their  wavelengths,  would  be  necessary.  Instead,  they  can 
propagate  along  transmission  lines  and  electrical  networks.  An  example  is  the  AC 
power  network. 

Table  2.5:  Radio  and  Electric  Electromagnetic  Waves. 


Spectral  Range 

E , i^eV 

v,  Hz 

A,  m 

decimillimetric 

1.24(1-10)103 

(3-30)10u 

(10-1)10“4 

EHF  (millimetric) 

1.24(1—10) 102 

(3-30) 1010 

(10-1)10~3 

SHF  (centimetric) 

1.24(1—10) 101 

(3-30)10° 

(io-i)io-2 

UHF  (USW,  decimetric) 

1.24(1-10)10° 

(3-30) 108 

(io-i)io-1 

VHF  (USW,  metric) 

1.24(1-10)10_1 

(3-30) 107 

(10-1)10° 

HF  (SW,  decametric) 

1.24(1-10)10~2 

(3-30) 106 

(lO-l)lO1 

MF  (MW,  hectametric) 

1.24(1-10)10“3 

(3-30) 105 

(10-1)102 

LF  (LW,  kilometric) 

1.24(1-10)10-4 

(3-30) 104 

(10-1)103 

VLW  (SLF,  decakilometric) 

1.24(1-10)10-5 

(3-30) 103 

(10-1)104 

ULF  (voice,  hectokilometric) 

1.24(1—10) 10— 6 

(3-30) 102 

(10-1)105 

ELF  (megametric) 

1 .24(1— 10) 10-7 

(3-30) 101 

(10-1) 106 

SELF  (decamegametric) 

1.24(1—10) 10— 8 

(3-30)10° 

(10-1)107 

SELF  (hectomegametric) 

1.24(1-10)10-° 

(3-30) 10”1 

(10-1)108 

Humans  have  evolved  with  the  ability  to  see  a very  narrow  part  of  the  electro- 
magnetic spectrum,  the  visible  region.  For  the  rest  of  the  spectrum  one  cannot 
rely  on  one’s  perceptions,  and  hence  one  needs  special  detectors  sensitive  for  a 
particular  region  of  the  spectrum.  Some  detectors  for  the  infrared  region  will  be 

covered  in  the  chapter  on  Experimental  Methods. 

21  Some  hobbyists  have  disproven  this  belief  by  studying  waves  down  to  the  lowest  frequencies 
generated  by  very  powerful  natural  sources — lightnings — using  sub-wavelength  antennae. 
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This  subsection  is  based  on  information  found  in  various  sources  [14-16,7],  as 
well  as  obtained  from  searches  on  the  internet,  too  numerous  to  list  here. 

2.2.9  Quantization  of  the  Electromagnetic  Field 

Maxwell’s  theory  describes  the  wave  properties  of  electromagnetic  radiation. 
In  the  beginning  of  the  XX  century  it  gradually  became  clear  that  simultaneously 
it  has  corpuscular  properties  as  well. 

Any  body  emits  thermal  radiation,  and  absorbs  incident  radiation.  A body  that 
is  both  a perfect  emitter  and  absorber  of  radiation  is  called  ideal  black  body.  Its 
radiation  depends  only  on  temperature  and  some  spectral  variable.  The  blackbody 
spectral  radiance  (radiant  flux  emitted  from  a unit  of  blackbody  area  into  a unity 
of  solid  angle)  is  given  by  the  Planck  formula  (in  three  different  spectral  variables): 


L(u,T)  = 

C V'em  (^>  T) 

_ huj3  [ hui/(kBT) 

- i]_‘. 

(2.123) 

4 

4 7T2  C2  L 

L(v,T)  = 

C ^tm(^,  T) 

_ 27 rhu3  r h v/(kn T) 

-i]T 

(2.124) 

4 

_ le 

L(X,T)  = 

C ^em(  A T) 

_ 2 7 XC2h  r hc/(\kRT) 

-r1. 

(2.125) 

4 

- A ^ 

where  ks  is  the  Boltzmann  constant,  T the  absolute  temperature,  h the  Planck 
constant,  and  uem  the  equilibrium  spectral  energy  density  of  the  blackbody  radi- 
ation, e.g.,  within  a cavity  of  the  black  body  [10].  The  three  spectral  radiances 
given  above  have  different  dimensions,  such  that  the  three  products 

L(u,T)du  = L{u,T)  du  = L(\,T)d\  (2.126) 


have  the  dimension  of  energy  flux  [W/m2]. 
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At  low  frequencies  (hio  kBT)  equation  2.123  reduces  to  the  classical 
Rayleigh- Jeans  formula 


L(u,T ) 


cuem{u,T ) _ kBTuj 2 
4 4 7T2  c2 


(2.127) 


and  at  high  frequencies  (fko  3>  kBT)  equation  2.123  is  reduced  to  the  classical 
Wien’s  formula  in  contemporary  notation  (that  is,  with  the  Planck  constant,  which 
had  not  been  introduced  yet  at  the  time  Wien  wrote  his  formula) 


L(u,T) 


C ^em(^)  -E) 
4 


hu 3 h oj 

■ ■■■■■■■  exp-——, 
47T2c2  kBT 


(2.128) 


In  order  to  obtain  the  blackbody  spectral  radiance  Planck  had  to  reach  beyond 
classical  physics;  he  considered  the  statistics  of  quantum  oscillators  representing 
the  atoms  in  the  walls  of  the  black  body.  Thus  he  reached  the  conclusion  that 
electromagnetic  energy  is  emitted  and  absorbed  by  small  bites  he  called  quanta, 
characterized  by  energy  hu. 

By  introducing 


£ = 


he 

\kBT' 


(2.129) 


equation  2.125  can  be  simplified  to 


2(kBTf 

c3  h4 


(2.130) 


Equating  the  derivative  with  respect  to  £ to  zero  we  get  the  transcedent  equation 


5 [e?  - l]  = 


(2.131) 


whose  numerical  solution  is  £max  = 4.965.  Thus  we  obtain  Wien’s  displacement 
law.  It  describes  how  the  wavelength  corresponding  to  the  maximum  of  a black- 
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body  spectrum  varies  with  T : 


^max  [mm]  = 


h c 


£max 


kBT 


2.9 

UK]' 


Integrating  equation  2.123  over  u with 


huj 


(2.132) 


(2.133) 


we  get  the  Stefan-Boltzmann  law 


L(T)  = 


OO 

J uern(u,T)du  = 

o 


c (kB  T)4 
4n2  (he)3 


c(kBT)4  7T4  _ TT2(kB  T)4 
4 7r2  (he)3  15  60c2  h3 


(2.134) 


where  aBB  — 5.67032  x 10-8  W • m~2  • K-4  is  the  Stefan-Boltzmann  constant. 

Einstein  developed  further  the  ideas  of  Planck  by  introducing  the  notion  of 
electromagnetic  quanta.  In  the  optical  region  of  the  spectrum  he  called  these 
quanta  photons.  Einstein  suggested  that  any  electromagnetic  wave  of  frequency  v, 
actually  comprises  a collection  of  quanta,  each  of  which  is  characterized  by  energy 
€ and  momentum  with  magnitude  p: 


€ = hv  = hu  p — hu/c.  (2.135) 

The  energy  of  a photon  relates  it  to  frequency  which  is  a wave  characteristic;  the 
momentum  of  a photon  on  the  other  hand  is  a particle  characteristic.  Thus  photons 
were  the  first  micro-objects  that,  contrary  to  what  one  expects  based  on  macro- 
world experience,  were  found  to  behave  in  a Janus-like  manner,  both  as  waves  and 
particles.  They  were  called  wave-particles,  or  even  wavicles  (by  Arthur  Edington). 
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The  wave  properties  of  light  had  been  known  for  quite  a while.  They  are 
demonstrated  in  a most  clear  way  by  the  phenomena  of  diffraction  and  interference. 
Experiments  in  the  beginning  of  XX  century  and  their  interpretation  disclosed 
the  particle  side  of  photons.  Armed  with  the  new  concept  of  photons,  in  1905 
Einstein  was  able  to  explain  the  photoelectric  effect  which  brought  him  the  Nobel 
prize.  In  1922  the  corpuscular  properties  of  photons  were  demonstrated  even  more 
convincingly  by  the  Compton  effect  [16]. 

The  probability  to  find  a photon  is  proportional  to  the  intensity  of  the  electro- 
magnetic wave,  that  is  to  the  square  of  the  electric  field. 

Photons  and  electromagnetic  quanta  in  general,  being  micro-objects  are  subject 
to  Heisenberg’s  uncertainty  relations. 


CHAPTER  3 

INTERACTION  OF  OPTICAL 
WAVES  WITH  MATTER 


3.1  Optical  Properties  of  Matter 


The  optical  properties  of  matter  can  be  described  by  various  optical  charac- 
teristics. Some  of  them  have  already  been  introduced  in  the  preceding  chapter, 
especially  in  subsection  2.2.5. 

3.1.1  Optical  Characteristics 

In  this  subsection,  more  optical  characteristics  are  described  and  the  relation- 
ships between  them  are  given.  The  treatment  is  still  for  conducting  media,  which 
is  most  general:  indeed,  the  relations  for  dielectric  media  and  vacuum  can  be 
obtained  as  special  cases. 

Combining  equations  2.79  and  2.112  we  get  that  the  two  different  approaches 
to  describing  the  phase  lag  of  the  response  of  the  medium  are  related  by 


£ 


1 + icr/  (£0u) 


(3.1) 


or,  respectively,  for  the  real  and  imaginary  parts 


s'  = l - a"  / ( £0uj  ); 


£ 


.// 


o'l  (e0w). 


(3.2) 
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Another  optical  characteristic  is  the  complex  refractive  index,1  in  various  rep- 
resentations [11,  pp.  456-457]: 

n = c /v  = y/TJi  = kc/u  = n!  + in".  (3.3) 

Its  real  part  determines  the  phase  velocity,  and  its  imaginary  part  is  related  to  the 
spatial  decay  of  the  wave. 

By  squaring  equation  3.3  we  get  the  dispersion  relation 

h2  = (c/71)2  = e/i  = (k'  + ik")2(c/uj)2  = ( n ' + in")2.  (3.4) 

The  real  and  imaginary  parts  of  the  middle  and  right  (third  and  fifth)  terms  are 
lie'  = n'2  — n"2;  na'/(e0uj)  = fie"  = 2 n'n".  (3.5) 

which  can  be  solved  for  n'2  and  n"2 

n'2  = ^ (s'  + vV2  + £"2^  ; n"2  = ^ (e'  + vV2  + e"2j  . (3.6) 

If  a plane  wave  is  propagating  in  the  C-direction  its  intensity  loss  is  determined 
by  the  attenuation  (absorption)  coefficient 

a = -dlnJ/dC,  (3.7) 

1 Traditionally  written  as  N = n + i«,  or  n — n + in. 
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which  is  just  another  way  to  write  the  well-known  dependence  of  the  intensity  as 
a function  of  the  traveled  distance  £ within  some  medium 

1(0  = Iae -QC.  (3.8) 

Here  IQ  is  the  intensity  at  the  origin  of  the  £-axis.  Usually  the  origin  is  chosen  at 
the  interface  and  then  I0  is  the  intensity  of  the  incident  beam.  Since  the  intensity 
is  proportional  to  the  squared  electric  field  (see  equation  2.121) 

a = 2k"  = 2 un"  / c,  (3.9) 

and  using  the  right-side  equation  3.5,  we  get  another  relation 

Her'  = ce0n'  a.  (3.10) 

3.1.2  Wave  Impedance 

For  the  plane  wave  considered  here  E(r,t)  = E((,t)  and  H(r,t ) = H((,t), 
and  therefore  the  differential  operator  nabla  can  be  simplified 

V = £^;  where  £2  = 1.  (3.11) 

Substituting  this  operator  and  the  material  equations  2.15  into  Ampere’s  law 
2.1  and  Faraday’s  law  2.2,  applying  (x  to  the  latter  equation  and  expanding  the 
double  cross  product,  we  get  (assuming  a plane  harmonic  wave  within  a linear 
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medium  with  complex  characteristics) 


= iunHo(H  x C), 


(3.12) 


(3.13) 


Comparison  of  these  relations  with  equations  2.39  and  2.40  shows  that  the  two  sets 
of  equations  are  in  perfect  correspondence;  each  component  of  E and  H x £ corre- 
sponds to  V and  /,  respectively.  This  analogy  allows  us,  following  Schelkunoff,  to 
write  the  series  impedance  and  parallel  admittance  per  unit  length  of  the  medium 
[3,  pp.  283-284]: 


Armed  with  these  relations,  by  analogy  with  equations  2.44,  we  get  directly 


Zs  = -i  unno, 


Yp  = a — i uj££0. 


(3.14) 


the  complex  propagation  constant  and  the  characteristic  wave  impedance  of  the 
medium 


(3.15) 


In  vacuum  the  latter  equations  are  reduced  to 


ka  = ±uj  / c; 


Z0  = VVo  / e0  = 376. 6fh 


(3.17) 
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Using  equations  2.64  and  3.17,  the  relations  3.15  and  3.16  can  be  represented  as 


k — ka  yj n e + i cr / (e0 cu)  = k0y/ he'  + \o' / (eau/),  (3.18) 

Z = Z0J 

where  the  right-side  terms  were  written  in  compliance  with  the  convention  chosen 
in  subsection  2.2.5. 

Squaring  equation  3.15  we  get 

— 2 

k = ££0Jlfx0uj2  + (3.20) 


£ + i Z 0 a / u 


= Zn 


£'  + i Za  o'  / u)  ’ 


(3.19) 


where  k = k k is  the  complex  wave  vector2 


k = k'  + ifc" 


= k 


k 


iv>. 


(3.21) 


k 


= y/k 


12 


+ k 


n 2. 


tantp  = k"/k'. 


(3.22) 


Invoking  the  analogy  again,  similarly  to  the  right-side  equation  2.43,  we  can 
write  the  left-side  equation 


E = Z{H  x C);  C x E = ZH. 


(3.23) 


The  right-side  equation  is  obtained  by  applying  the  cross  product  ( x to  the  left- 
side equation  3.23.  Equations  3.23  show  that  even  in  conducting  media,  as  long 
as  the  media  are  linear,  E,  H , and  £ are  orthogonal  to  each  other.  Writing 

2Note  that  since  the  real  and  imaginary  parts  of  k are  collinear  vectors  (isotropic  or  cubic 
medium),  their  ratio  is  a scalar,  as  one  should  expect  for  the  phase  equation  to  make  sense. 
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equation  3.23  in  scalar  form  produces 


z = EJH„ 


(3.24) 


where  Ea  and  Ha  are  the  complex  amplitudes  of  the  electric  and  magnetic  field, 
taken  at  the  same  point3  £,  and  divided  by  their  respective  unit  vectors. 

The  wave  impedance  is  also  related  to  the  complex,  time-averaged  Poynting 
vector 


S)  = 


E x H 


= E x 


(xT  (E-E)C 


2Z* 


2 Z* 


(3.25) 


S)  = 


E 2 

2Z* 


(3.26) 


The  complex,  time-averaged  “magnitude’  ySy  (equation  3.26)  of  ySy  (equa- 
tion 3.25)  can  be  obtained  by  dividing  equation  3.25  by  the  unit  vector  S. 

From  equation  3.16  using  equations  3.21  and  3.22  we  get  yet  another  expression 
for  the  characteristic  wave  impedance  of  the  medium 


Z - 


uj  Ho 


u H Ho 

Vk'2  + k"2 


(3.27) 


Squaring  the  latter  equation  gives 


, ,2  772  ..2 
72  ^ h ho 


z2  = 


U)2  V2  Ho  UJ2  n2  Z2  n2  Z2 


k2 


c 2 e0  k 2 


c 2 k2 


nz 


(3.28) 


which  relates  the  impedance  with  the  complex  refractive  index.  Equations  2.64, 
3.17,  and  3.3  have  been  used  for  the  chain  of  transformations  in  equation3.28. 

3Both  fields  must  be  taken  in  the  same  point  in  order  to  ensure  that  any  damping  effect  causing 
variation  with  the  coordinate  £ is  removed.  It  is  convenient  to  measure  both  field  amplitudes  at 
the  surface,  especially  when  we  are  dealing  with  a conducting  medium. 
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Finally,  it  must  be  pointed  out  that  electromagnetic  waves  are  damped  within 
good  conductors  at  a distance  of  the  order  of  the  penetration  (skin)  depth  2.94. 
The  result  of  this  fact  is  that  the  Foucault  currents  are  localized  within  a surface 
sheet  of  thickness  S.  For  such  a case,  all  equations  for  the  wave  impedance  listed 


n/n. 

3.1.3  Kramers— Kronig  Relations 

Many  complex  optical  characteristics,  describing  the  response  of  an  optical 
structure  to  excitation  by  electromagnetic  waves,  were  introduced  in  the  previous 
two  subsections.  If  one  of  these  optical  characteristics  (e.g.,  e)  is  the  coefficient 
in  a linear  relationship  between  an  external  variable — stimulus  (e.g.,  E of  an  elec- 
tromagnetic wave) — and  an  internal  variable — response  (e.g.,  D) — of  the  optical 
structure,  then  that  relationship  is  non-local  in  time  due  to  the  frequency  depen- 
dence of  the  coefficient.  This  can  be  seen  using  the  convolution  theorem  from 
Fourier  analysis.  In  most  cases  the  spatial  dispersion  is  small  and  can  be  neglected. 
Thus,  we  can  assume  the  relationship  is  local  in  space.  Treating  the  coefficient  as 
an  analytical  function  of  the  complex  frequency  Q and  using  Cauchy’s  theorem  for 
contour  integration  in  the  upper  half-plane,  one  can  derive  a relation  between  the 
real  and  imaginary  parts  of  that  coefficient — the  Kramers-Kronig  relation,  e.g., 
for  the  complex  permittivity  [17,6,18]: 


in  this  subsection  actually  give  the  surface  (sheet)  impedance  of  the  conductor  in 


(3.29) 


where  V preceding  the  integral  denotes  principal-part  integration,  and  Q is  a 
dummy  integration  variable  for  the  angular  frequency.  The  latter  is  already  real 
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since  the  contribution  from  the  upper  semicircle  of  infinite  radius  vanishes  and 
only  the  integration  along  the  real-frequency  axis  remains. 

The  requirement  to  get  a real  response  from  a real  stimulus  leads  to 

r H = e (-0 ;),  (3.30) 


or 

e»  = e'(-w);  e"(v)  = ~e"  (~u),  (3-31) 

and  so  the  real  (imaginary)  part  of  the  permittivity  is  even  (odd)  function  of  the 
frequency. 

Using  these  relations,  and  separating  the  real  and  imaginary  parts  of  equation 
3.29,  we  get  the  Kramers-Kronig  relations. 


eV)  - 1 


Qe"{Q) 
Q 2 - u/2 


d/2, 


(3.32) 


e"(u) 


e\Q)  - 1 
Q2  - u2 


d/2. 


(3.33) 


Thus,  if  one  knows  either  the  real  or  the  imaginary  part  of  the  complex  permittivity 
at  all  frequencies,  then  one  can  calculate  the  other  one  at  all  frequencies. 

The  latter  equation  can  be  generalized  for  conducting  media 


£aU  7T  J o /22  — LO2 


(3.34) 


where  a^c  is  the  DC  conductivity  of  the  medium. 
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3.1.4  Dispersion 

A number  of  optical  characteristics  were  introduced  in  subsections  2.2.5  and 
3.1.1.  Some  of  them  are  macroscopic  and  can  be  measured,  others  can  be  modeled 
microscopically.  Comparison  between  the  measured  and  theoretically  calculated 
quantities  is  exactly  the  very  fact  that  is  behind  the  progress  of  sciences  by  studying 
the  optical  properties  of  matter. 

We  are  dealing  with  a case  of  dispersion  if  any  of  the  material  equations  is 
non-local  either  in  space  (spatial  or  wave- vector  dispersion),  or  in  time  (time  or 
frequency  dispersion).  In  most  cases  the  effect  of  spatial  dispersion  is  negligible 
compared  to  that  of  frequency  dispersion.  Because  of  that  fact,  herein  I will  be 
concerned  only  with  the  latter  type  of  dispersion,  and  will  drop  the  adjective. 

Dispersion  is  manifested  in  the  fact  that,  within  various  media  (other  than  vac- 
uum), the  phase  speed  of  electromagnetic  waves  depends  on  frequency.  Naturally, 
dispersion  can  be  observed  for  all  other  characteristics  that  are  related  to  that 
speed.  Monochromatic  waves  are  not  suitable  to  observe  dispersion:  at  least  two 
different  frequencies  are  needed,  or  better  yet — scanning  a continuous  spectrum. 

Within  spectral  regions  where  the  refractive  index  is  an  increasing  (decreasing) 
function  we  are  dealing  with  normal  (anomalous)  dispersion. 

3.1.5  Classical  Models  for  the  Optical  Properties  of  Matter 

Here  some  simple  classical  models  describing  optical  properties  and  dispersion 
will  be  presented,  following  Drude  and  Lorentz. 

3. 1.5.1  Drude  model  for  free  charge  carriers 

At  the  turn  of  the  20th  century  P.  Drude  applied  the  kinetic  theory  of  gases  to 
the  valence  electrons  within  a metal  [19,20,13,11].  The  periodic  potential  within 
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the  metal  is  approximated  by  a rectangular  box,  and  while  the  electrons  are  in  the 
bulk  they  are  “free” , similarly  to  the  molecules  of  a gas. 

Assumptions  of  the  model: 

• even  though  the  concentration  of  valence  electrons  within  a metal  is  about  a 
thousand  times  higher  than  the  concentration  of  molecules  in  a regular  gas 
under  normal  conditions,  and  the  pressure  of  the  electron  “gas”  is  enormous 
(ca.  3400  atm),  the  kinetic  theory  of  gases  is  applicable  to  the  electron  “gas” ; 

• the  valence  electrons  move  chaotically  with  high  thermal  velocities.  Due 
to  this  thermal  chaos  the  vector-average  of  the  thermal  velocity  vanishes. 
Therefore  the  thermal  velocity  can  be  characterized  by  its  root-mean-square 
value  vm] 

• the  valence  electrons  are  scattered  by  collisions  with  the  ion  cores,  whereas 
the  collisions  between  electrons  are  unimportant; 

• between  collisions  with  the  ion  cores  the  valence  electrons  within  a metal  are 
totally  free  and  move  along  a straight  line  in  compliance  with  Newton’s  first 
law; 

• collisions  with  the  ion  cores  are  instantaneous  and  cause  abrupt  reflection  of 
the  valence  electrons  in  a random  direction; 

• the  mean  free  time  r between  two  successive  collisions  is  called  relaxation 
time,  and  its  inverse  is  the  scattering  rate  1/r; 

• the  electrons  get  thermalized  to  the  environment  only  through  said  collisions. 

• in  an  external  electric  field  an  additional  velocity  is  added  to  the  thermal 
velocity.  Upon  averaging  of  the  net  velocity  only  the  average  of  the  additional 
velocity  due  to  the  electric  field  is  left  and  is  known  as  the  drift  velocity  vd ; 


62 


• taking  into  account  the  fact  that  ^ it  follows  that  the  mean  free  path 

is  l = VmT. 

If  an  external  electric  field4  E is  applied,  the  equation  of  motion  for  the  electrons 
is  the  equationof  a driven  frictionless  oscillator  with  zero  resonance  frequency 

d2r 

m—  = -eE,  (3.35) 

where  — e is  the  charge,  and  m is  the  mass  of  an  electron.  The  magnetic  part  of  the 
Lorentz  force  does  not  accelerate  the  electron  tangentially,  but  just  changes  the 
direction  of  its  velocity.  Furthermore,  in  most  cases  the  magnetic-force  effects  are 
small  and  so  they  have  been  neglected  in  equation  3.35.  Solving  this  equation,  the 
additional  velocity  of  an  electron,  after  a time  t has  elapsed  from  its  last  collision, 
is 

vd  = —etE/m.  (3.36) 

Thus,  according  to  the  Drude  model,  the  drift  velocity  is  the  average  velocity 
between  two  successive  collisions: 


vd  = — erE/m , 


(3.37) 


Let  us  consider  Ohm’s  law  2.16  first  in  the  case  of  a DC  electric  field  E. 
Microscopically  the  current  density  can  be  represented  by 


J = -neevd,  (3.38) 

4One  might  think  that  here  one  should  use  the  local  microscopic  field  at  the  instantaneous 
position  of  an  electron.  However,  the  electrons  are  moving  with  a high  thermal  velocity  which  has 
an  averaging  effect — the  mean  field  a conduction  electron  “feels”  is  equal  to  the  applied  external 
electric  field. 
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where  the  concentration  ne  = N/V  (number  per  unit  volume)  of  conduction  elec- 
trons within  the  metal,  N is  their  number,  and  V is  the  volume  of  the  metal.5 

Combining  equations  3.38  and  3.37  we  get  the  microscopic  representation  of 
Ohm’s  law 

J = [ nee2T/m]E , (3.39) 

and  the  Drude  result  for  the  DC  conductivity 

a0  = nee2T/m , (3.40) 


Taking  the  scattering  into  account  is  equivalent  to  adding  a damping  term  due 
to  viscous  “friction”,  i.e.,  the  equation  of  electron  motion  3.35  is  replaced  with  the 
equation  of  a driven  damped  oscillator  with  zero  resonance  frequency 


m 


d vd 
d t 


m 

I vd  = -eE. 


T 


(3.41) 


The  derivation  of  this  equation  can  be  found  in  Ashcroft  and  Mermin  [13,  p.  11]. 
Generalization  of  the  latter  equation  for  the  case  of  AC  fields  is  trivial: 


m 


d Vd 
d t 


rn  _ ~ 

-I vd  = -eE. 

T 


(3,42) 


Substitution  of  the  oscillating  electric  field  and  drift  velocity 

E(t)  = E^e-^-  vd{t)  = Vd{u)  e~iu)t  (3.43) 


leads  to 


-imi)j(u)  + (m/  t)  vd(uj)  = —eE(cu). 


(3.44) 


°The  concentration  here  cannot  be  denoted  simply  by  n as  usual,  because  the  latter  is  reserved 
for  the  refractive  index. 
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Solving  for  the  drift  velocity  and  substitution  into  Ohm’s  law  results  in  the  Fourier 
image  of  Ohm’s  law 

J(cu)  = a(cu)  E(cu),  (3.45) 

where 

a(u)  = aDC/(  1 - i lot),  (3.46) 

is  the  Drude  AC  conductivity.  As  expected,  for  cu  = 0 this  expression  is  reduced 
to  the  Drude  DC  conductivity  aDc ■ In  the  limit  of  low  frequencies  (cut  <C  1)  the 
Drude  AC  conductivity  can  still  be  approximated  by  the  Drude  DC  conductiv- 
ity a DC. 

Separating  the  real  and  imaginary  parts  of  the  Drude  AC  conductivity  we  get 


a(uj) 


& DC 


+ i 


1 -F  (cut)2  1 + (cut)2 


(3.47) 


From  this  equation  it  can  be  seen  that 

• at  low  frequencies  (cu  <C  1/r)  a'  ~ aDC  and  a"  ~ 0,  i.e.,  all  the  current  is  in 
phase  with  the  electric  field  and  leads  to  Joule  dissipation; 

• at  high  frequencies  (cu  » 1/r)  both  a'  and  a"  are  very  small,  but  a'  <C  a" 
i.e.,  all  the  current  is  7r/2  rad  out  of  phase  with  the  electric  field  as  the 
frequency  is  too  high  for  the  electrons  to  be  able  to  follow  the  field — the 
inductive  response  dominates  the  resistive  one; 

• at  the  switch-over  frequency  (cu  = 1 /r)  both  a'  and  a"  are  equal  to  half  the 
DC  value  a'  = ctdc/2  — (J" • This  value  is  the  maximum  one  for  the  inductive 
response,  and  half  of  the  maximum  value  ape  for  the  resistive  response.  The 
electrons  are  moving  in  resonance  with  the  electric  field,  oscillating  with  a 
maximum  amplitude. 
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Substitution  of  the  Drude  conductivity  3.46  into  equation  3.1  results  in  the 
Drude  permittivity 


£ = 1 + 


1 &DC 


£0uj  (1  — icur)  ’ 


(3.48) 


which  is  complex,  but  its  high  frequency  (u;  1/r)  limit  is  real: 


£ = 1 — UJp  / u>2. 


(3.49) 


Here  the  plasma  frequency  is  defined  by 


UJri 


= \Jnee2  / (m£0). 


(3.50) 


When  uj  < cup  the  Drude  permittivity  is  negative  and  so  below  the  plasma  edge 
electromagnetic  waves  decay  exponentially  upon  entering  the  metal.  But  above 
the  plasma  frequency  lu  > up  the  Drude  permittivity  is  positive  and  therefore 
electromagnetic  waves  above  the  plasma  edge  can  propagate  through  the  metal — 
at  high  frequencies  the  metal  becomes  transparent.  At  frequency  cu  = ujp  the 
plasma  edge  of  metals  is  observed:  the  transmittance  is  significant  (very  low)  just 
above  (below)  the  plasma  edge  at  ujp. 

Using  the  DC  conductivity  (equation  3.40)  and  the  plasma  frequency  (equa- 
tion 3.50),  equation  3.46  can  be  transformed  into 

a(u)  = £0TLUp/(l  - i lot).  (3.51) 

Setting  u = 0 in  the  latter  equation  gives  another  expression  for  the  DC  conduc- 
tivity: 


O'  DC  = Cr(0)  = £0TLUp. 


(3.52) 
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The  Drude  model  is  a simple  one,  but  gives  a very  good  first  approximation 
for  the  conductivity  of  “free”  charge  carriers.  Still,  this  model  has  its  limitations: 
it  gives  wrong  classical  estimates  for  the  thermal  velocity  of  the  valence  electrons, 
it  cannot  account  for  the  temperature  dependence  of  the  conductivity,  and  it  has 
problems  with  the  heat  capacity  and  paramagnetic  susceptibility  of  the  electron 
gas. 

3. 1.5. 2 Lorentz  model  for  bound  charge  carriers 

The  bound  electrons  can  be  described  well  by  another  simple  model  due  to 
Lorentz:  the  atom  of  a medium  is  represented  by  a Lorentz  oscillator:  an  electron 
with  electric  charge  — e and  effective6  mass  m*,  positioned  at  r,  bound  to  the  ion 
core  by  a harmonic  restoring  force.  The  natural  resonant  angular  frequency  of  the 
oscillator  is  c oQ.  To  allow  for  losses  due  to  anharmonic  coupling  to  various  other 
excitations,  we  can  include  proportional-to-velocity  damping  force  with  a damping 
constant  T.  The  behavior  of  the  oscillator  in  a harmonic  driving  electric  field  is 
described  by  the  following  equation  of  motion  [11,10,6]: 

dr* 

m*—  + m*  r — + m*u20r  = - eEl , (3.53) 

where  Ei  is  the  local  harmonic  electric  field  in  complex  notation.  It  can  be  approx- 
imated by  the  externally  applied  electric  field  E only  for  low-density  media,  e.g., 
rare  gases. 

Comparing  equations  3.53  and  3.35,  one  can  see  that  the  Drude  model  can 
formally  be  obtained  as  a special  case  of  the  Lorentz  model  with  uj0  — 0. 

6Lorentz  used  the  free-electron  mass  m and  this  is  certainly  correct  for  an  electron  in  an 
isolated  atom,  but  when  the  electron  is  within  a solid  the  effect  of  the  crystal  lattice  must  be 
taken  into  account  by  using  the  effective  mass  m*. 
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The  solution  of  equation  3.53  is 

~ —eEi/m* 

ui2  — uj2  — i T lu 


(3.54) 


This  equation  can  be  interpreted  in  the  following  way:  the  electromagnetic  wave 
sets  the  electron  into  a driven  oscillation.  The  energy  of  the  wave  absorbed  by 
the  oscillator  is  proportional  to  the  square  of  the  amplitude  of  the  oscillations 
r0  • f*  = r • r*.  The  oscillating  electron  moves  with  acceleration  and  radiates  back 
the  absorbed  energy.  However,  only  a fraction  of  the  emitted  photons  re-join  the 
electromagnetic  wave — the  rest  are  absorbed  and  dissipated  by  other  non-radiative 
processes  and  excitations,  such  as  phonons. 

If  there  are  N such  oscillators  within  a small  volume  V , the  polarization  is 


P 


—erN/V 


(e>N/m-V)E,  _ - 

9 o • n — co  A.e 

U*  — UJ1  - 11  W 


Therefore,  if  we  assume  that  Ei  ~ E 


(3.55) 


£ 


1 + Xe  = 1 + 


(e2  ne/e0  m*) 
lu2  — uj2  — i T lj' 


(3.56) 


where  ne  = N/V  is  the  volume  concentration  of  Lorentz  oscillators.  Equation  3.56 
shows  that  the  dielectric  function  e,  the  susceptibility  Xe,  as  well  as  quantities 
related  to  them,  such  as  the  refractive  index  n and  the  phase  speed  v,  all  of  which 
are  generally  complex,  must  depend  on  frequency.  Hence,  this  simple  classical 
model  can  explain  the  dispersive  phenomena.  This  is  only  an  approximate  model: 
above  we  have  assumed  that  the  local  microscopic  field  is  the  same  as  the  applied 
macroscopic  field  which  is  only  true  for  low-density  media.  For  greater  accuracy, 
in  the  case  of  denser  media,  one  must  use  the  Clausius-Mossotti  relation  which 
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takes  into  account  the  difference  between  the  local  and  the  macroscopic  electric 
fields  [6,21]. 

Furthermore,  the  equations  above  apply  for  the  simplistic  case  of  just  one  type 
of  oscillator.  If  there  are  several  types  of  oscillators  a summation  over  all  of  them 
is  needed: 


e=l+Xe  = l + — ^ 


m2  Tij  / m* 


ud  — nr 


i Aw’ 


(3.57) 


;th 


where  Uj  is  the  resonant  angular  frequency  for  the  Lorentz  oscillators  of  the  j 
type,  characterized  by  effective  mass  m*,  electrical  charge  qr  damping  constant 
7j,  and  volume  concentration  rij. 

The  resonant  angular  frequencies  of  many  resonances  are  far  above  the  partic- 
ular spectral  range  that  is  being  studied.  Their  contribution  to  the  permittivity 
can  be  approximated  by  a real  constant  ( e <*,  — 1): 


(3.58) 


where  the  sum  includes  the  complex  contribution  of  the  J\f  lowest  resonances  which 
are  close  to  the  studied  spectral  range,  whereas 


1 V-  71 J / m) 

~ ^ ~ i7> 


E 


Qj  nj  / m* 


(3.59) 


is  the  contribution  of  the  resonances  that  are  far  above  the  studied  spectral  range. 

It  is  approximately  real  because  u <^ujj  when  j = J\f,  M + 1,  

Except  for  the  effective  mass,  equation  3.58  is  a purely  classical  result.  The 
more  accurate  quantum-mechanical  treatment  leads  to  a similar  result.  The 
quantum-mechanical  effects  can  be  accounted  for  in  several  different  ways:  semi- 
classically  by  introducing  an  effective  electric  charge  q*,  or  quantum- mechanically 
by  introducing  either  of  two  “flavors”  of  oscillator  strength  ( fj  or  Sj)  [17,22,11,23]. 
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After  all  generalizations  listed  above,  the  final  results  are 


£ £oo 


uij^O 


N 


E 

3= 1 

uij^O 


LU2 

3 


i rj  u) 


(3.60) 


u. 


M 

E 


( jJ . 

3=1  J 


fj 

u2  — i fjco 


(3.61) 


(3.62) 


where  the  Lorentz  oscillators  of  the  jth  type  are  characterized  by  effective  electrical 
charge  q*,  or  by  either  flavor  of  oscillator  strength  (fj  or  Sj),  as  well  as  by  plasma 
frequency 


uPj  = \Jqfnj  / (e0m*),  (3.63) 

which  is  the  analog  of  the  plasma  frequency  up  introduced  for  free  electrons  with 
equation  3.50 

By  setting  u — 0 into  equations  3.60-3.62  one  can  see  that  the  quantity 

Si  = = /iwj/wj,  (3.64) 

is  the  contribution  of  the  jth  oscillator  to  the  static  dielectric  constant.  Note  that 
the  expression  with  Sj  cannot  be  used  for  free  carriers  (Drude  oscillator),  because 
Sj  would  diverge  when  ujj  = 0! 

Though  the  quantum-mechanical  results  are  similar  by  appearance  to  the  clas- 
sical ones,  still,  the  quantities  have  different  meanings:  t Oj  is  the  angular  frequency 
corresponding  to  a transition  between  two  quantum  states,  and  F3  is  its  uncer- 
tainty due  to  broadening  of  the  states.  Notably,  the  oscillator  strength  fj  is  a 
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purely  quantum  factor7  which  cannot  be  derived  within  the  limits  of  any  classical 
model  [17],  [10,  p.  115].  Still,  Jackson  [6,  pp.  309-310]  has  given  the  following  intu- 
itive interpretation  (slightly  modified  in  order  to  fit  to  my  notation):  Nj  molecules 
or  atoms  of  type  j within  a small  volume  V (concentration  n,  = Nj/V ) with  fj 
electrons  per  molecule  or  atom,  respectively,  . . . 

When  the  angular  frequency  exceeds  significantly  the  range  we  are  dealing  with, 
then  the  dielectric  function  becomes  real  and  almost  constant,  approximately  equal 
to  Eqo' 

If  one  were  to  cover  the  whole  electromagnetic  spectrum  up  to  the  highest 
known  frequencies  of  cosmic  7-rays,  then  one  would  find  that  £<*,  = 1.  However, 
that  is  not  practical.  Thus,  for  optical  spectroscopy  within  the  ultraviolet  range,  £00 
accounts  for  oscillators  (transitions)  within  the  x-ray  (photons  knocking  off  inner- 
shell  electrons)  and  7 range  (photons  knocking  hadrons  off  the  nuclei);  for  spec- 
troscopy within  the  visible  range,  the  effects  of  the  UV-region  (high  energy  inter- 
band transitions)  are  added  to  £00 ; and  for  the  case  of  infrared  spectroscopy,  eq 0 also 
includes  the  contribution  of  oscillators  within  the  visible  range  (medium-energy 
interband  transitions).  Naturally,  the  high-energy  processes  become  “frozen”  when 
the  photon  energy  is  lower  by  orders  of  magnitude,  that  is,  one  cannot  expect  to 
knock  off  hadrons  from  the  atomic  nuclei  with  infrared  light. 

For  oscillating  bound  electrons  the  natural  frequencies  turn  out  to  be  within 
the  visible  or  UV  range  of  the  spectrum,  whereas  for  oscillating  ions  (phonons)  the 
absorption  frequencies  are  within  the  infrared  range. 

In  equations  3.60-3.62,  the  hiding  of  some  details  in  aA,  or  or  Sj,  respec- 
tively, is  not  just  a trivial  trick:  it  allows  one  to  apply  the  Lorentz  model  even  for 

7The  quantum-mechanical  oscillator  strength  customarily  has  two  subscripts  denoting  the 
initial  and  final  state.  Here  for  simplicity  both  of  them  are  combined  into  j , and  we  consider 
that  the  ground  state  is  the  initial  one. 


71 


e.g.,  magnon  absorption  without  the  need  to  specify  what  quantities  corresponds 
to  the  charge,  effective  mass,  etc. 

It  is  easy  to  separate  the  real  and  imaginary  parts: 
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Plots  and  detailed  discussion  of  the  two  equations  above  can  be  found  in  Wooten 
[17],  Burns  [11],  and  Ziman  [21].  Prom  the  real  and  imaginary  parts  of  the  dielectric 
function,  one  can  calculate  the  refractive  index  n'  and  the  extinction  coefficient 
n" . The  Lorentz  model  confirms  that  in  most  spectral  regions  we  are  dealing  with 
normal  dispersion.  Only  in  very  narrow  regions  centered  around  each  resonant 
frequency  the  dispersion  is  anomalous. 

When  both  free  and  bound  carriers  of  electric  charge  are  present,  the  dielectric 
function  can  be  approximated  by  a Drude-Lorentz  model  which  is  a sum  of  a 
Drude  part  describing  the  free  carriers,  and  a Lorentz  part  describing  the  bound 
carriers,  whereupon  we  get 


£dl  — £oo  + £d  + £l- 


(3.67) 
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The  Lorentz  term  is 
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It  can  describe  bound  charge-carriers  (including  those  localized  on  impurity  or 
defect  states),  interband  transitions  of  charge  carriers,  lattice  vibrations  (phonons), 
magnons,  etc. 

The  Drude  term  can  be  obtained  formally  from  the  first  term  of  the  sum  in 
equation  3.60,  for  which  uq  = 0 and  = l/iq,  and  the  subscript  can  be  dropped 


Ed  = ~ 


u(cu  + i/r)  u(u>  + if)' 


(3.69) 


where  T is  the  scattering  rate  and  r is  the  relaxation  time  for  the  “free”  charge 
carriers.  It  describes  the  “free”  carriers  in  metals,  the  normal  charge  carriers  in 
superconductors,  and  conduction  electrons  and  holes  within  semiconductors.  A 
separate  Drude  term  must  be  used  for  each  type  of  “free”  carriers. 

Strictly  speaking,  when  dealing  with  solids  one  has  to  account  for  the  local 
internal  field.  As  a first  approximation,  it  can  be  done  by  using  the  Lorentz-Lorenz 
model  which  leads  to  the  Clausius-Mossotti  relation.  Therefore,  for  dielectric 
materials  one  should  divide  e — 1 in  all  equations  above  by  (e  + 2)/3.  However, 
in  conductors  where  “free”  charge  careers  are  present,  the  Drude  term  describing 
them  dominates  e at  low  frequencies.  And  since  the  wave  function  of  a free  carrier 
has  a wide  spatial  distribution,  it  feels  the  average  electric  field  rather  than  the 
local  field — no  use  of  the  Clausius-Mossotti  relation  is  needed  for  conductors  [17]. 
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Still,  the  Lorentz  term  is  needed  to  describe  the  oscillations  or  transitions  of  the 
core  electrons  which  are  bound. 

From  equation  3.69  we  get  the  real  and  imaginary  parts  of  the  Drude  permit- 
tivity 


ut 


£d  = 


4 = 


u2Jt 


(3.70) 
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If  1/r  -C  ujp  the  absolute  value  of  the  real  part  is  significantly  larger  than  the 
imaginary  one:  e"D  <C  le'^.  Additionally,  the  real  Drude  permittivity,  with  the 
included,  is  negative  below  the  plasma  edge,  i.e.,  for  lo  < uop/ [23].  Under  these 
conditions,  n'  <C  n"  according  to  equation  3.5.  This  explains  the  high  reflectance 
of  metals  below  their  plasma  edge.  Indeed,  from  equation  3.126  the  reflectance  is 
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At  very  low  frequencies  u 1/r  the  refractive  index  and  the  extinction  are  very 
large  and  approximately  equal  1 <C  n'  ~ n"  and  then  we  get  the  Hagen  Rubens 
formula  [24],  [5,  p.  746]: 
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From  the  Drude  permittivity,  equation  3.69,  using  relation  3.1,  we  get  the 


Drude  conductivity 
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Separating  the  real  and  imaginary  parts  of  the  Drude  term  3.69,  we  get 
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Therefore,  using  equation  3.2  we  derive  the  Drude  conductivity 
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where 


O' DC 


£0tujI 


(3.76) 


is  the  DC  conductivity  of  the  “free”  carriers  according  to  the  Drude  model. 


3.1.6  Sum  Rules 

Various  sum  rules  exist  which  can  be  of  help  in  the  analysis  of  experimental 
data  [17].  The  oscillator  strengths  (the  squares  of  the  matrix  elements  of  the 
electric  dipole  moment)  introduced  in  the  previous  subsection  satisfy  the  /-sum 
rule  (oscillator-strength  sum  rule).  The  /-sum  rule  for  a free  atom  with  Z electrons 
is 

£/i  = 2.  (3.77) 

0 

whereas  for  a solid  it  becomes 


(3.78) 
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where  the  integral  on  the  left  side  characterizes  the  absorption  of  energy  at  all 
frequencies  (see  Wooten  [17,  p.  77]),  and  it  is  related  to  the  integral  on  the  right 
side  through  equation  2.79. 

Another  sum  rule  exists  for  the  electronic  loss  function  —1/e 

uj\m{\/e{u)}  dc u = ^7 (3.79) 

The  sum  rules  3.78  and  3.79  can  be  derived  using  the  Kramers-Kronig  rela- 
tions [17]. 

Frequently,  partial  sum  rules  can  be  applied  to  get  the  effective  number 
Neff(uc)  of  carriers  per  atom  (for  pure  metals)  or  per  formula  unit  (for  com- 
pounds), that  contribute  to  the  optical  properties  in  some  finite  spectral  range 
from  0 to  ujc.  E.g.,  applying  equation  3.78  in  the  superconductor  from  0 to  uc,  and 
using  the  plasma  frequency  definition  3.50,  we  get  the  partial  /-sum  rule  [17,25]: 

r s , 7r  Neff(uc)  e2  r „ s , , 

e0  / w£  (w)  du;  = Sf\  = / a'{u)du,  (3.80) 

Jo  Z 777.  Vu  J o 

where  m*  is  the  effective  mass  of  the  effective  carriers  with  charge  ±e  (holes  or 
electrons),  and  Vu  is  the  volume  per  atom  or  per  formula  unit,  and  uc  is  the  cut-off 
angular  frequency. 

3.1.7  Dispersion  in  Insulators.  Group  Velocity 

Dispersion  for  the  general  case  of  conducting  media  is  given  by  the  frequency 
dependence  the  optical  properties  covered  in  subsection  3.1.1.  The  classical  model 
for  dispersion  is  presented  in  subsection  3.1.5. 

All  results  can  also  be  applied  for  dispersion  in  insulators.  At  low  frequency 
w < 1/r  we  must  substitute  everywhere  e"  ex  cr'  ~ cfcd  = 0- 
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Naturally,  in  vacuum  there  is  no  dispersion.  The  same  is  true  for  very  rarified 
gases. 

For  simplicity  here  we  shall  consider  a wave  propagating  along  one  of  the  Carte- 
sian axes,  e.g.,  in  direction  z.  For  a general  direction  of  propagation  see  Born  and 
Wolf  [5], 

The  phase  velocity  is  the  speed  with  which  a given  phase  value  moves  in  space. 
Differentiating  the  constant  phase  of  an  electromagnetic  wave  leads  to  the  following 
result  for  the  phase  speed  [5,  pp.  16-19]: 

v = dz/dt  = u/k;  v - dz/dt  - u>/k,  (3.81) 

where  the  left  equation  is  for  dielectrics,  whereas  the  right  equation  is  for  con- 
ductors. Note  that  for  conductors  z is  complex  because  so  is  the  wave  number  k. 
This  reflects  the  fact  that  penetration  into  conductors  beyond  the  skin  depth  is 
not  possible.  For  vacuum  the  phase  velocity  is  simply  the  velocity  of  light  c. 

Let  us  consider  a group  of  waves  within  a narrow  frequency  range  Alu,  cen- 
tered around  an  average  angular  frequency  (u),  and  within  a narrow  wave  number 
range  A k (A k),  centered  around  an  average  wave  number  (k)  {(k)),  is  propagat- 
ing in  a dielectric  (conducting)  medium.  Then  the  peak — and  any  other  constant 
amplitude — travels  in  space  with  a group  velocity  [5,  pp.  21-23]  given  by  equa- 
tion 3.82  (3.83),  respectively 


= z/t  — 

(duj/dk){k)  = (dk/du)^} , 

(3.82) 
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(dw/")S)  = ("Hj,- 

(3.83) 
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3.1.8  Perfect  Conductors 


Perfect  conductors  do  not  exist,  but  considering  of  such  extreme  cases  is  a good 
illustration.  Perfect  conductors  are  idealized  monocrystals  with  perfect  transla- 
tional symmetry,  i.e.,  no  defects  of  any  type.  According  to  Bloch’s  theorem  [26,13], 
within  perfect  crystals  there  is  no  scattering  of  the  charge  carriers.  Therefore,  per- 
fect conductors  can  be  described  by  the  results  for  regular  conductors  if  one  takes 
the  limit  r — > oo.  Taking  that  limit  in  equation  3.73,  we  get  the  conductivity  of  a 
perfect  conductor 
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The  latter  transformation  was  performed  by  using  the  improper  limit  of  the 
Lorentzian  6-sequence  function  [27,  eq.  1.173]. 

Or  the  real  and  imaginary  parts  of  the  conductivity  for  a perfect  conductor  are 


o'd  = 7T  eowffluj);  o"D  = e0uI/uj.  (3.85) 

The  real  part  of  the  conductivity  satisfies  the  sum  rule  3.78  if  we  note  that  6(u>) 
is  an  even  function  and  therefore  integrated  from  0 to  oo  it  gives  1/2. 

Prom  equation  3.85  it  is  clear  that  the  DC  conductivity  of  a perfect  conductor  is 
infinite  (both  the  real  and  imaginary  parts  are  infinite).  At  all  other  frequencies  the 
real  part  is  zero  and  the  imaginary  part,  which  represent  the  inductive  response, 
dominates. 
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Prom  equations  3.2  and  3.85,  for  the  permittivity  of  a perfect  conductor  we  get 
e'D  = inujp6(ui)/uj  = 0;  e"D  = i (lup/u)2,  (3.86) 


where  at  DC  the  L’Hospital’s  rule  has  been  used  for  the  real  part. 
Finally,  including  e^,  the  refractive  index  of  a perfect  conductor  is 
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At  frequencies  below  ojp/y/e^,  n'  = 0 and  there  is  a stepwise  impedance8  mis- 
match with  vacuum  (n  = 1),  which  would  make  any  perfect  conductor  also  a perfect 
reflector.  Indeed  substituting  n'  = 0 into  the  left-middle  term  of  equation  3.71  will 
produce  1 immediately. 


3.1.9  Superconductors 

The  optical  properties  of  superconductors  resemble  those  of  perfect  conductors. 
The  main  difference  is  that  the  superconductors  are  characterized  by  an  energy 
gap  of  2A.  For  low-temperature  superconductors,  the  theory  of  Bardeen-Cooper- 
Schrieffer  gave  the  absolute-zero  gap  [28] 

£s(0)  = 2A(0)  = 3.528 kBTc.  (3.88) 

Furthermore,  at  temperatures  within  the  range  from  Tc/2toTc , in  the  limit  of  weak 
coupling  of  the  Cooper  pairs,  the  theory  leads  to  the  following  expression  for  the 

8 According  to  equation  3.28  the  wave  impedance  is  inversely  proportional  to  the  refractive 
index. 
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temperature  dependence  of  the  gap  energy  [28,29] 


£g{T)  = 2 A (T)  « 3.48 \/l  - T/Tc. 


(3.89) 


Various  experiments  on  high-temperature  superconductors  give  significantly 
higher  values  for  the  absolute-zero  gap,  within  the  range  from  4kBTc  to  7kBTc , 
which  is  a strong  proof  that  the  coupling  in  high-temperature  superconductors 
must  be  quite  strong  [28].  In  the  past  there  has  been  some  discussion  whether 
the  cuprates  have  an  s-  or  d-wave  symmetry  of  the  energy  gap.  The  experiments 
were  difficult  and  initially  ambiguous,  but  as  time  went  by  and  more  experimental 
evidence  was  gathered,  it  became  increasingly  clear  that  the  d-wave  theory  is  the 
winner.  Therefore  for  a thin  Yf^CuaCb-a  film  with  Tc  « 82  K , one  expects  the 
gap  to  be  in  the  range  from  229  to  400  cm-1  rather  than  the  200  cm-1  predicted 
by  the  theory  of  Bardeen-Cooper-Schrieffer.  Moreover,  infrared  studies  show  that 
we  are  dealing  with  a pseudo  gap  which,  instead  of  decreasing  as  the  temperature 
grows  towards  Tc,  just  becomes  less  pronounced.  This  is  due  to  the  fact  that  the 
temperature  is  not  as  low  as  for  the  classical  superconductors.  So,  even  though 
the  Cooper  pairs  cannot  absorb  within  the  energy  gap,  there  are  other  excitations 
in  the  crystal,  or  some  normal  electrons,  that  can  absorb  within  the  gap. 

Due  to  the  superconducting  fraction  of  the  conducting  electrons,  high- 
temperature  superconductors  at  very  low  temperatures  T > 0 are  almost  as  perfect 
reflectors  as  perfect  conductors,  for  frequencies  within  the  pseudo-gap. 

The  field  of  an  incident  electromagnetic  wave  penetrates  into  any  supercon- 
ductor, but  is  damped  exponentially  on  a length-scale  determined  by  the  London 
penetration  depth  [1] 


XL  = yj  m*  / (n0n*se*2)  = y/m/ (n0nse2), 


(3.90) 
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where  m*  = 2m  and  e*  = 2m  are  the  effective  mass  and  electric  charge  of  a Cooper 
pair,  respectively,  and  n*s  = ns/ 2 is  the  effective  concentration  of  such  pairs;  all  of 
these  quantities  were  expressed  by  the  respective  ones  for  single  superconducting 
electrons. 

If  all  conducting  electrons  were  to  condense  into  Cooper  pairs,  then  the  London 
penetration  depth  would  be  A/,  = c/up. 

For  simplicity  normal  incidence  and  T = 0 K are  assumed  below.  The  elec- 
tric field  transmitted  through  the  surface  of  the  superconductor  for  frequencies 
within  the  gap  can  be  found  approximately  if  we  substitute  expression  3.87  for  the 
refractive  index  into  the  amplitude  transmission  coefficient 

Et/Ei  = t = 2/(1  + n)  « —2iu/ujp.  (3.91) 

The  purely  imaginary  transmission  coefficient  means  that  the  electric  field  Et  trans- 
mitted through  the  surface  of  the  superconductor  is  out  of  phase  with  the  incident 
electric  field  Ei  by  — 7t/2  rad.  Also  Et  <C  Et  since  uj  < 2A/h  uv.  Furthermore, 
the  purely  imaginary  refractive  index  of  the  superconductor  means  that  no  power 
is  absorbed  at  the  interface.  On  the  average,  no  power9  is  transmitted  further 
than  3A l from  the  interface  into  the  superconductor,  i.e.,  if  the  superconducting 
layer  is  thicker  than  3 A i,  then  T = n'  |t|2  = 0.  The  purely  imaginary  conductivity 
for  uj  > 0 indicates  that  the  electric  current  induced  within  the  superconductor  is 
out  of  phase  with  Ei  by  — tx/2  rad.  Therefore  it  is  inductive  in  character,  which 
confirms  again  that  no  energy  is  dissipated. 

9Due  to  the  inductive  response  of  the  superconductor,  energy  oscillates  forth  and  back,  but 
averaged  for  any  integer  number  of  cycles,  the  Poynting  vector  decays  with  the  characteristic 
length  equal  to  the  London  penetration  depth  A l. 
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The  transmitted  magnetic  field  on  the  superconducting  side  of  the  interface  is 

Ht  = n>/ £0/ fi0Et  ss  i ( ujp/uj)Et  = 2\Jl^fii0Ei  = 2 Hu  (3.92) 

where  the  relationship  2.101  between  the  electric  and  magnetic  field  of  an  electro- 
magnetic wave,  equation  3.87  for  the  complex  refractive  index  of  a perfect  metal 
and  the  transmitted  electric  field  3.91  have  been  used. 

The  results  for  the  transmitted  fields  are  easy  to  interpret:  with  a normally 
incident  wave  the  fields  Ez  and  H,  are  tangential  to  the  interface;  conservation  of 
tangential  components,  with  the  reflected  fields  being  Er  ~ —El  and  Hr  ~ Hi, 
is  satisfied  by  the  transmitted  fields  Et  — 0 and  Ht  ~ 2 if*. 

At  any  temperature  T < Tc,  for  frequencies  u > A/h  above  the  energy  gap  the 
photons  have  enough  energy  to  disassociate  Cooper  pairs,  driving  electrons  up  to 
unoccupied  normal  levels.  As  a result  the  superconductor  starts  to  behave  similarly 
to  a normal  metal.  Likewise,  at  any  frequency  uj  > A/h  when  the  temperature 
is  sufficiently  high  T > A/ks,  the  phonons  have  enough  energy  to  disassociate 
Cooper  pairs,  driving  electrons  up  to  unoccupied  normal  levels.  Finally,  when 
both  uj  > A/h  and  T > A/hs,  these  two  effects  can  be  present  simultaneously. 
This  is  one  of  the  factors  complicating  the  analysis  of  data  for  high-temperature 
superconductors. 


3.2  Reflection  and  Transmission 

3.3  General  Remarks  about  Reflection  and  Transmission 

From  this  point  on  the  media  in  multi-layered  structures  will  be  denoted  with 
consecutive  numbers  used  as  subscripts.  To  avoid  confusion  with  vacuum,  the 
numbering  of  the  media  will  start  from  1,  even  when  medium  1 is  vacuum. 
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In  any  uniform  medium  a plane  wave  propagates  (until  it  is  completely  damped 
if  the  medium  is  conducting)  in  a constant  direction.  When  such  a wave  meets 
an  interface  between  two  uniform  media  various  interesting  phenomena  can  hap- 
pen which  are  the  subject  of  this  section.  These  phenomena  include  reflection, 
refraction,  total  internal  reflection,  perfect  reflection,  etc.  In  many  cases  the  term 
“refraction”  has  been  replaced  by  “transmission”  and  the  transcript  t is  used  occa- 
sionally for  the  respective  quantities,  since  r is  reserved  for  the  quantities  describing 
the  reflected  wave.  All  results  summarized  below  can  be  obtained  by  application 
of  the  boundary  conditions  2.19  and  2.20.  Prom  this  point  on,  the  subscripts  of 
the  angles  will  denote  the  medium,  and  interfaces  will  be  denoted  with  double  sub- 
scripts including  the  numbers  of  the  two  adjacent  layers.  For  the  sake  of  brevity 
often  only  the  results  are  summarized.  Derivations  and  more  details  can  be  found 
in  a number  of  sources  [10,3,18,5,6,30]. 

Let  the  plane  interface  between  two  uniform  media  be  a sharp,  step-wise  dis- 
continuity with  an  infinite  area.  Some  convenient  definitions  and  facts  following 
from  the  boundary  conditions  come  next: 

• The  reflected  and  refracted  waves  have  the  same  frequency  as  the  incident 
wave; 

• The  incident  (backward)  normal  n.2,i  is  the  perpendicular  to  the  interface  at 
the  point  of  incidence,  directed  from  medium  2 to  medium  1; 

• The  incident  (backward)  normal  n2,i  is  used  as  a reference  for  the  angles  of 
incidence  and  reflection,  whereas  the  oppositely-directed  (forward)  normal 
ni  2 is  used  as  a reference  for  the  angle  of  refraction; 

• For  the  case  of  oblique  incidence,  the  incident  ray  and  the  incident  normal 
define  the  plane  of  incidence.  Clearly,  for  normal  incidence  the  plane  of 
incidence  is  not  defined; 
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• When  the  incidence  is  oblique,  all  rays  can  be  projected  on  the  forward 
normal  ni^.  Rays  with  positive  projections  on  the  forward  normal  (e.g., 
incident,  primary  transmitted,  etc.)  will  be  called  forward-propagating  and 
quantities  related  to  them  will  be  denoted  with  a superscripts.  Conversely, 
rays  with  negative  projections  on  the  forward  normal  (e.g.,  primary  reflected, 
secondary  reflected,  etc.)  will  be  called  backward-propagating,  and  quantities 
related  to  them  will  be  denoted  with  a ^ superscripts. 

• Both  the  equi-phase  and  equi-amplitude  sets  of  parallel  planes  are  orthogonal 
to  the  plane  of  incidence.  In  most  cases  these  two  sets  of  planes  coincide. 
Only  when  a non-normal  incidence  onto  an  absorbing  medium  is  present 
the  two  sets  of  parallel  planes  are  at  an  angle  (the  angle  of  refraction)  with 
respect  to  each  other; 

• The  point  of  incidence  is  taken  as  the  origin  of  a Cartesian  coordinate  system. 
One  axis  ( z ) is  opposite  to  the  incident  normal,  another  ( y ) is  along  the 
intersection  of  the  interface  surface  and  the  plane  of  incidence,  and  the  third 
axis  (x)  lies  in  the  interface  and  is  normal  to  the  plane  of  incidence; 

• The  incident,  reflected,  and  refracted  rays  (i.e.,  wave  vectors  k)  lie  in  the 
plane  of  incidence; 

• The  refracted  ray  satisfies  Snell’s  law 

sin  6t/  sin  0*  = v2/vi  = ni/n2  = n2, 1 (3.93) 

where  and  6t  are  the  complex  angles  of  incidence  and  refraction  (trans- 
mission), n and  v are  the  complex  refractive  index  and  phase  velocity  in  the 

medium  denoted  by  the  respective  subscript;10 

10Complex  quantities  have  been  used  to  describe  the  fairly  general  case  with  a flat  interface 
between  two  conducting  media.  For  any  non-absorbing  dielectric  medium  the  respective  quanti- 
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• In  the  case  of  a multi-layered  structure,  after  the  first  interface  on  whose 
second  side  there  is  an  absorbing  medium  all  angles  become  complex — indeed, 
chain  application  of  Snell’s  law  proves  that  from  the  first  absorbing  layer  on 
all  angles  are  complex; 

• The  angle  of  reflection  9r  is  equal  to  the  angle  of  incidence  0*.  In  the  special 
case  when  the  ray  incident  on  a multi-layered  structure  has  not  crossed  any 
absorbing  layer,  these  two  angles  are  real; 

• When  we  are  dealing  with  two  dielectric  media,  and  the  second  one  has  lower 
optical  density  (ri2  < 7ii),  if  the  angle  of  incidence  9%  exceeds  the  critical  value 
9cr  = arcsin  712/711,  the  phenomenon  of  total  internal  reflection  occurs,  and 
the  angle  of  refraction  9t  becomes  complex; 

• The  incident  ray  {E^  Hi)  can  be  decomposed  into  two  independent  lin- 
ear polarizations:  s-polarization  (Ei±,  H^),  and  p-polarization  (E^.  iTn), 
where  the  subscript  shows  which  field  is  perpendicular  (_L),  and  parallel  (||) 
to  the  plane  of  incidence.  The  equations  for  these  two  polarizations  are  com- 
pletely separate.  The  energy  flux  density  of  the  incident  wave  is  equal  to 
the  sum  of  the  respective  contributions  from  the  two  polarizations.  Indeed, 

E*  = El  + E%. 

All  quantities  that  belong  to  a particular  medium  will  have  as  a subscript  the 
number  of  the  medium,  whereas  quantities  characterizing  an  interface  will  have  a 
double  subscript,  including  the  numbers  of  the  two  adjacent  layers.  In  most  cases 
the  first  and/or  the  last  medium  is  vacuum  or  air,  but  in  the  most  general  case 
either  one  of  these  two  media  may  be  an  absorbing  medium  with  complex  char- 
acteristics. The  incident  ray  is  assumed  to  be  coming  from  the  medium  with  the 


ties  become  real. 
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lowest  number,  and  the  ray  transmitted  through  the  whole  multi-layered  struc- 
ture propagates  into  the  medium  with  the  highest  number.  A superscript  plus 
“+”  (minus  ) will  mark  quantities  pertaining  to  waves  propagating  within  the 
cone  of  directions  leading  to  a medium  with  a higher  (lower)  number.  The  plus 
superscript  may  be  dropped,  but  the  minus  one  will  always  be  explicit. 

It  is  convenient  to  use  the  wave  vector  and  the  wave  impedance  of  the  jth 
medium  which  according  to  equations  3.18  and  3.19  is 

kj  = 

Z = 

For  absorbing  media,  with  either  dielectric  or  conducting  absorption11  these  quan- 
tities are  complex,  but  for  non-absorbing  media  they  are  reduced  to  real  quantities. 

In  the  latter  two  equations,  ka  = ±u/c  is  the  wave  number  in  vacuum,  and 
Z0  = y/fJ-o/so  is  the  wave  impedance  of  vacuum,  both  from  equations  3.17. 

By  definition,  the  Fresnel  coefficients  are  the  ratios  of  the  reflected  or  trans- 
mitted electric  field  to  the  incident  electric  field. 

rj,j+ 1 = Ej  / ; tj,j+ 1 = ^j+ i/Ej~ , (3.96) 

where  r)J+i  and  tjj+i  are,  respectively,  the  Fresnel  reflection  and  transmission 
coefficient  for  the  interface  between  media  j and  j + 1;  the  electric  fields  are:  E+ 
of  the  forward-propagating  (incident)  wave  within  medium  j , E~  of  the  backward- 
propagating  (reflected)  wave  within  medium  j , E++1  of  the  forward-propagating 
(refracted)  wave  within  medium  j + 1.  Applying  equations  3.96  for  the  case  of 


tWl  + i q/(£0w)], 


(3.94) 


/b 


°'w  e'j  + i Zou'j/u 


(3.95) 


11  Or  at  low,  below  optical,  frequencies  possibly  magnetic  absorption. 
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backside  incidence  we  get: 


rj+i,j  ~ Ej~+i/Ej+1\  tj+i,j  — Ej  /Ej+ i>  (3.97) 

where  the  Fresnel  reflection  and  transmission  coefficients  are  for  the  interface 
between  media  j + 1 and  j;  the  electric  fields  are:  E~+ 1 of  the  backward-propagating 
(incident  from  the  back)  wave  within  medium  j+1,  Ef+1  of  the  forward-propagating 
(reflected)  wave  within  medium  j + 1,  E~  of  the  backward-propagating  (refracted) 
wave  within  medium  j. 

In  general  case  of  at  least  one  absorbing  medium,  the  Fresnel  coefficients  are 
complex,  but  when  the  media  on  both  sides  of  the  interface  (j,j  + 1)  are  non- 
absorbing, the  Fresnel  coefficients  become  real  quantities,  provided  no  total  reflec- 
tion is  involved. 

Division  is  a non-linear  operation,  and  one  might  expect  that  in  the  definitions 
of  the  Fresnel  coefficients  one  of  the  fields  should  be  complex  conjugate.  However, 
the  Fresnel  coefficients  are  an  exception  from  the  general  rule  mentioned  in  sub- 
sections 2.1.1  and  2.2.6.  Indeed,  division  cancels  the  oscillating  factors,  and  only 
the  constant  ratio  of  the  amplitudes  remains,  which  is  desirable.  Conversely,  if  we 
were  to  complex  conjugate  either  the  numerator  or  the  denominator,  not  only  the 
oscillating  factors  would  not  cancel,  but  the  ratio  would  oscillate  with  the  doubled 
frequency  which  is  not  physical. 

3.3.1  Reflection  and  Refraction  at  the  Interface 
between  Two  Dielectrics 

Here  the  case  involving  a single  interface  is  considered.  Though  it  is  the  simplest 
one,  it  is  important  as  it  is  the  fundamentum  for  treating  of  the  more  complicated 
ones,  involving  multi-layered  optical  structures. 


87 


Application  of  the  boundary  conditions  leads  to  the  Fresnel’s  formulae  given 
below  separately  for  the  two  possible  polarizations.  For  simplicity  non-absorbing 
media  are  assumed  and  therefore  all  refractive  indices  are  real.  The  angles  will 
also  be  real  if  either  n\  < n2,  or  0,  < 9^  when  n\  > n2.  When  these  conditions  are 
met,  the  Fresnel  coefficients  also  become  real.  An  illustration  is  given  in  Fig.  3.1 

3. 3. 1.1  TE  waves  (s-polarization) 

TE  wave  means  transverse-electric — the  electric  field  E is  orthogonal  to  the 
plane  of  incidence,  and  the  magnetic  field  H lies  in  that  plane.  Often  this  linear 
polarization  is  denoted  as  s-polarization,  and  below  the  respective  quantities  are 
marked  by  a superscript  “(*)”.  For  this  case  the  Fresnel  coefficients  have  the  form 


.00  . 

Z2  cos  6\  — Z\  cos  02 

COS  9\  - Afi2, 1^1,2 

— sin2  9\ 

(3.98) 

1,2 

Z2  cos  0\  -|-  Z\  cos  02 

COS  6\  + £i2,iynl,2 

— sin2  9\ 

A)  . 

2 Z2  cos  9\ 

2 cos  0 1 

(3.99) 

1,2 

Z2  cos  6\  — Z\  cos  62 

cosffi  -1-  ti2,i\Jn\2 

— sin2  9\ 

tb, 2 = n2/ni; 

Ai2,l  = Ml/ A*2 

(3.100) 

are,  respectively,  the  ratios  of  the  refractive  indexes  and  magnetic  permeabilities 
at  the  interface  (1,2)  between  medium  1 and  2.  Using 

Zi/Z2  = /r2,i  sinffi/  sin  92  = sinffi/^  sin  02),  (3.101) 

12The  forward  normal  n.j,j+i  to  the  interface  between  media  j and  j + 1,  can  be  distinguished 
unambiguously  from  the  ratio  of  the  refractive  indexes  at  the  same  interface,  if  one  notices 

that  the  former  symbol  is  bold  and  has  a hat,  unlike  the  latter  one.  In  this  section  we  are  dealing 
with  the  special  case  j = 1 . 
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Medium  1 


Figure  3.1:  Reflection  and  refraction  of  the  s-polarization  and  p-polarizations  at 
the  interface  between  medium  1 and  2. 
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the  Fresnel’s  formulae  3.98  and  3.99  can  be  converted  to 


/i2  tan  #2  ~ H l tan  #i 
p2  tan  02  + Hi  tan  9\ 1 


2/J.2  tan  02 

H2  tan  02  + Hi  tan  9 1 


(3.102) 


The  latter  two  Fresnel  equations,  when  H2  = Hu  are  reduced  to 


(a)  _ -sin  (0i  - fl2) 
ri’2  sin  (9i  + 02) 


(s)  n2, i sin  (20i ) 

1,2  sin  (0i  + 02)' 


(3.103) 


The  negative  sign  of  r\a^  is  in  agreement  with  the  fact  that  when  n \ < n2  there 
is  a phase  change  of  7 r rad  upon  reflection.  Conversely,  when  rii  > n2,  there  is  no 
such  phase  change  as  sin  (ffi  — 02)  < 0 and  therefore  r[s \ > 0. 

For  normal  incidence  equations  3.98  and  3.99  or  their  equivalent  3.102  are 
simplified  to 


HWi  ~ Hin2 
H2n  l + Hin2 


i(s) 

l\,2 


2^277,i 

H2Ul  + Hln2 


(3.104) 


Finally,  when  the  two  media  have  identical  magnetic  properties  ( H2,\  = Hi/ 02  = 
1),  all  h factors  in  the  various  expressions  of  the  Fresnel  coefficients  get  cancelled. 


3. 3. 1.2  TM  waves  (p-polarization) 

TM  wave  means  transverse-magnetic — the  magnetic  field  H is  orthogonal  to 
the  plane  of  incidence,  and  the  electric  field  E lies  in  that  plane.  Often  this 
linear  polarization  is  denoted  as  p-polarization,  and  below  the  respective  quantities 
are  marked  by  a superscript  “04” . From  this  moment  on,  when  a polarization 
superscript  is  absent,  it  will  imply  that  the  respective  equation  holds  for  both 
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polarizations. 


r(p)  - 
'1,2  — 


M 

ll,2 


Z2  COS  92  - Z\  COS  9\  _ \!nh  - sin2^i  - M2,i<2cos^ 

H 2iinf2cos^i  + \Ir^2~~s in2^ 

2nij2  cos  #1 


Zi  cos  9\  + Z2  cos  02 


2Z2cos6\ 

Z\  cos  9\  + Z2  cos  92 


^2, 1^1,2 cos  9\  + \/ni,2  — sin2# 


(3.105) 


(3.106) 


Using  equation  3.101,  the  Fresnel’s  formulae  3.105  and  3.106  can  be  converted  to 


(P)  _ /i2  sin  (2#2)  - ^isin(2(9i)  ^ _ 4/x2  sin  92  cos  9 1 

ri’2  /xisin(2^i)  + /r2sin(2#2)’  1,2  p1sin(201)  + £t2sin(2#2)’ 

The  latter  two  Fresnel  equations,  when  //2>1  = fL\/ /i2  — 1,  are  reduced  to 

(p)  _ tan  {9 2 - 9 {p)  _ 2 cos  9X  sin  92 

1,2  tan  ( 9\  + 92)  ’ 1,2  sin  (9\  + 92)  cos  ( 9\  — 92) 


For  normal  incidence  equations  3.107  are  simplified  to 


r <”>  = ^ - '“”2;  (<->  = — ^ . (3.109) 

l~l\Tt2  + ll2Tli  ’ /U \U2  + fl2ni 

Finally,  when  the  two  media  have  identical  magnetic  properties  (/ui  = /i2),  all 
/i  factors  get  cancelled. 

Here  it  should  be  noted  that  the  sign  of  r^\  depends  on  the  convention  for 
referencing  the  fields.  Herein  the  picture  (see  Fig.  3.1)  given  by  Heavens  [30, 
Fig.  4.1],  Yeh  [18,  Fig.  3.3],  and  Knittl  [31,  Fig.  2-2]  is  followed,  which  is  the 
opposite  of  that  of  Jackson  [6,  Fig.  7.6]  and  Matveev  [10,  Fig.  65].  The  chosen 
convention  ensures  a better  symmetry  of  the  Fresnel  coefficients. 
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3. 3. 1.3  Brewster  effect 

The  angle  of  incidence  for  which  r^l  = 0 is  called  Brewster  angle  9 b-  From 
equation  3.108  we  have  tan  ( 9X  + d2)  = oo  — ■»  9i  + 92  = n/2  rad,  and  using  Snell’s 
law  we  get  the  Brewster  law  9b  = arctann2/n!. 

Since  upon  reflection  at  the  Brewster  angle  9b,  only  the  s-polarization  is 
reflected,  the  Brewster  effect  can  be  used  for  linear  polarization. 

In  actual  materials,  at  9\  = 9b,  does  not  vanish  completely,  but  has  a 
minimum  value.  Therefore,  the  linear  polarization  obtained  by  applying  the  Brew- 
ster effect  on  unpolarized  light  is  not  complete — in  reality  the  reflected  waves  are 
elliptically  polarizeed.  This  deviation  from  the  Fresnel  results  is  due  to  the  fact 
that  physical  interfaces  are  never  as  abrupt  as  it  was  assumed. 

The  Brewster  effect  is  a result  of  the  transverse  character  of  electromagnetic 
waves  [10]. 


3. 3. 1.4  Total  reflection 

When  rii  > ^2  and  9X  > 9cr  the  phenomenon  of  total  reflection  can  be  observed. 
Snell’s  law  is  still  applicable,  but  the  angle  of  refraction  92  is  complex  even  though 
all  other  quantities  may  be  real.  Naturally,  such  a complex  angle  of  refraction  does 
not  have  a geometrical  representation  anymore. 

In  this  case,  before  the  total  reflection  occurs,  the  wave  penetrates  the  second 
medium  to  a penetration  depth  [10] 


5 = 


A2/(27t) 


sin2  92 


(3.110) 


which  is  of  the  order  of  A2.  The  refracted  wave  takes  the  form  of  an  evanescent 
wave.  Such  a wave  is  present  only  within  a surface  layer  of  the  second  medium 
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which  is  behind  the  illuminated  portion  of  the  interface  and  whose  thickness  is 
equal  to  the  penetration  depth.  The  evanescent  wave  is  not  a plane  one  because  it 
is  damped  exponentially  within  the  second  medium,  which  is  characterized  by  the 
penetration  depth.  Its  phase  velocity  depends  on  the  refractive  index  of  the  first 
medium  and  on  the  angle  of  incidence 


n i sin  9\ 


(3.111) 


and  is  always  smaller  than  the  phase  velocity  within  the  second  medium. 
In  this  case  the  Fresnel  reflection  coefficient  is  reduced  to 


r = exp  (2itpi)2), 


(3.112) 


<p[s  2 = — arctan 


^2-Zl 


27t 8Z2  cos  9 1 ’ 


(p) 

rl,2  = 


arctan 


A2Z2 


2,k5Z\  cos  9 1 


(3.113) 


The  amplitudes  do  not  change  and  therefore  all  of  the  incident  energy  is  reflected, 
hence  the  name  “total  reflection”.  But  the  phases  change,  and  the  change  is 
different  for  the  two  polarizations. 

The  partial  penetration  within  the  second  medium  results  in  a slight  lateral  shift 
of  the  reflected  ray  — Goos-Hanchen  effect  [6].  This  effect  cannot  be  observed  at 
normal  incidence. 


3. 3. 1.5  Reflectance  and  transmittance 

The  coefficient  of  reflection  (transmission)  of  energy  or  intensity  is  called 
reflectance  (transmittance).  Using  the  Poynting  vector  and  the  definition  of  inten- 
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sity  2.121  we  get 


7?(s) 

'M,2 
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(3.116) 


(3.117) 


Naturally,  when  the  media  are  non-absorbing  the  complex  characteristics  in  the 
equations  above  will  be  replaced  by  real  ones. 


3. 3. 1.6  Principle  of  reversibility 

Note  that  for  generality  both  media  are  assumed  to  be  absorbing.  Also,  the 
equations  within  this  subsection  hold  true  for  both  s and  p polarizations.  When 
the  fields  are  real,  reversing  the  rays  is  equivalent  to  time  reversal13  [18].  If  complex 
notation  is  being  used  for  harmonic  fields,  then  reversing  the  rays  is  equivalent  to 
time  reversal  plus  complex  conjugation.  The  complex  conjugation  ensures  that  we 
stay  with  the  chosen  sign  in  the  time-exponents.  Because  of  the  fact  that  Fresnel’s 

13This  is  similar  to  the  principle  of  reversibility  from  classical  mechanics:  a time  reversal  causes 
all  particles  to  reverse  their  velocity  vectors. 
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coefficients  are  defined  so  that  they  do  not  depend  on  time  (the  time  factors  of  the 
numerator  and  denominator  cancel),  there  is  no  need  to  show  explicitly  the  time 
reversal  in  the  equations  below.  Therefore,  only  the  complex  conjugation  and  the 
switched  subscripts  remind  us  that  a time-reversal  operation  has  been  performed 
on  some  quantities. 

Thus,  if  the  rays  are  reversed,  so  that  the  incident  ray  is  coming  from  medium  2, 
and  the  transmitted  ray  is  propagating  into  medium  1,  using  the  definitions  of  the 
Fresnel  coefficients  3.96  and  3.97,  we  can  prove  that 


^2  i = -ri,2;  *2,1  cosffi  = *i,2  ^2  cos $2-  (3.118) 


We  owe  equations  3.118  to  Stokes  who  used  them  to  explain  the  dark  central  spot  in 
Newton’s  rings  [18].  The  minus  sign  in  the  left  equation  3.118  is  present,  because 
upon  reflection  from  an  optically  denser  (with  higher  refractive  index)  medium 
there  is  a phase  change  of  7r/2  rad.  Note  that  one  term  of  the  left  equation  for 
which  either  the  numerator  or  the  denominator  is  a backward-propagating  wave, 
is  complex  conjugate. 

Moreover,  if  the  interface  between  the  two  media  does  not  absorb  or  scatter, 
again  using  the  definitions  of  the  Fresnel  coefficients,  we  can  get  that 


1 = *2,1  *1,2  - r5,!  n,2 


n2  cos  02 
rq  cos  9\ 


+ |^l,2 12  — T[,2  + 7?.1,2i  (3.119) 


which  is  simply  an  expression  for  the  conservation  of  energy.  Note  that  either 
the  factors  with  switched  subscripts,  that  is,  the  first  subscriptis  greater  than  the 
second  one,  or  those  with  non-switched  subscripts,  must  be  complex  conjugate. 
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Finally,  substituting  equations  3.118  into  the  definitions  of  reflectance  and 
transmittance  3.114-3.117,  we  get  that  the  latter  two  are  symmetric14  with  respect 
to  ray  reversal: 


72-2,1  — 72ii2;  T2t  i — ^1,2-  (3.120) 

3.3.2  Reflection  from  and  Transmission 
through  a Conducting  Surface 

As  Snell’s  law  and  the  Fresnel’s  formulae  are  linear  relations  with  respect  to 
the  refractive  indices  (wave  impedances),  they  remain  true  for  the  case  of  absorb- 
ing media,  provided  that  the  appropriate  characteristics  are  replaced  by  complex 
quantities. 

The  more  general  case  of  oblique  incidence  is  quite  complicated  and  has  been 
treated  in  detail  by  Stratton  [3].  The  complication  arises  from  the  fact  that  the 
surfaces  of  constant  amplitude  are  parallel  to  the  interface,  whereas  those  of  con- 
stant real  phase  are  perpendicular  to  the  refracted  rays.  Therefore,  except  for  the 
special  case  of  normal  incidence,  these  two  sets  of  planes  are  not  parallel  to  each 
other,  and  so  the  wave  within  the  conducting  medium  is  inhomogeneous  [5]. 

The  law  of  Snellius  becomes 

nisinffi  = n2sin#2  = (n'2  + i n'^)  sin  #2.  (3.121) 

Here  the  angle  of  refraction  #2  is  complex  and  cannot  be  interpreted  geometrically 
as  the  angle  of  refraction. 

14This  is  only  true  for  the  case  of  a single  interface!  When  more  interfaces  are  present  it  can  be 
true  only  for  multi-layered  structures  that  are  completely  symmetric  with  respect  to  their  central 
plane. 
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3.3.2. 1 Normal  incidence  on  a conducting  surface 

As  an  example  for  the  application  of  the  complex  relationships,  only  the  simple 
case  of  normal  incidence  onto  a conducting  surface  will  be  covered  herein.  The 
media  will  be  considered  non-magnetic,  i.e.,  //  « 1 is  a real  constant. 

The  Fresnel  coefficients  for  normal  incidence  on  a conducting  surface  become 
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It  should  be  noted,  that  when  an  absorbing  medium  is  present,  all  amplitude 
and  power  quantities  for  the  refracted  wave  refer  to  a point  just  after  and  infinitely 
close  to  the  respective  interface.  As  the  wave  propagates  further  into  the  medium 
its  amplitude  (intensity)  are  decreased  further  due  to  absorption  which  depends 
on  the  traveled  distance. 

Finally,  substituting  the  latter  relations  into  equations  3.114-3.117  we  get  the 
reflectance  from  and  transmittance  through  the  interface  surface  of  a conducting 
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(3.127) 


3.3.3  Reflectance  and  Phase  Dispersion  Relations 

The  Fresnel  reflection  coefficient  can  be  represented  as 

r{yj)  = |r(o;)|  exp  [i  <^r (02)]  = \ZlZ(u)  exp  [i (/vM],  (3.128) 


or 

lnf(o;)  = ln|r(o;)|  + i </;r(o;)  = In  + 'upr{u).  (3.129) 

Replacing  e'(u ;)  — 1 and  £"(tu)  in  the  Kramers-Kronig  relations  3.32  and  3.33  with 
i In  77.(u;)  and  ipr( uj),  respectively,  gives  the  dispersion  relations 


In  77.(o;)  = 


<Pr(  w)  = 


f2ipr(f2) 

n2  - u2 

00  In  77.(12) 
J?2  - J- 


d/2, 


■d/2. 


(3.130) 

(3.131) 


Detailed  proof  of  these  relations  can  be  found  in  Wooten’s  book  [17,  Appendix  G]. 
The  latter  equation  is  especially  useful  as  it  relates  the  unknown  phase  with  the 
reflectance — a quantity  that  can  be  measured.  As  written  the  expression  has  a 
singularity  at  /2  = u.  It  can  be  removed  by  adding 


7T 


In  77.(o;) 


d/2 


= 0. 


Q2  - uj2 


(3.132) 
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in  order  to  get 


¥V(w) 


In  [K({2)/n{uj)) 
J1  - l?2 


d n. 


(3.133) 


After  the  singularity  has  been  removed  in  this  manner,  the  sign  for  principal-part 
integration  is  no  longer  needed.  The  absence  of  a singularity  in  the  latter  equation 
can  be  checked  by  using  L’Hospital’s  rule.  It  is  noteworthy  that  a systematic  error 
in  the  measurement  of  the  reflectance  would  not  affect  the  phase.  Furthermore, 
any  spectral  regions  in  which  the  reflectance  happens  to  be  equal  to  7l(u)  do  not 
contribute  to  the  phase  as  In  1 — 0. 

Finally,  comparison  of  equations  3.114  and  3.115  with  3.117  and  3.117,  shows 
that  the  formal  substitutions 
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T 


(3.134) 


everywhere  in  this  subsection  will  produce  similar  dispersion  relations  for  the  trans- 
mittance and  its  phase  change. 


3.3.4  Determination  of  Optical  Characteristics 
by  the  Dispersion  Relations 

The  practical  application  of  the  phase-reflectance  dispersion  relation  3.133 
involves  a reliable  measurement  of  the  reflectance  in  as  wide  spectral  range  from 
u> mm  to  umax  as  possible,  and  using  reasonable  extrapolations  in  the  low-frequency 
from  0 to  umin  and  high-frequency  from  a jmax  to  oo  regions. 

A widely  used  high-frequency  extrapolation  is 


77(J?)  = 77 (ujmax ) (umax /Si)8. 


(3.135) 
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In  the  spectral  range  from  37,000  to  100,000  cm-1  the  reflectance  is  due  to  inter- 
band transitions  and  0 < s < 4.  Above  ca.  100000  cm-1  the  reflectance  is  due  to 
“free”  electrons  and  s = 4. 

For  a dielectric  the  low-frequency  extrapolation  is  constant  reflectance,  whereas 
for  conductors  the  Hagen-Rubens  approximation  is  used: 

7 Z(f2)  = 1 - Ayfn.  (3.136) 

If  suitable  values  of  the  free  electron  frequency,  the  interband  exponent  s,  and 
the  constant  A are  chosen,  the  results  will  not  be  affected  significantly. 

Once  the  phase  has  been  calculated,  and  the  Fresnel  reflection  coefficient  found, 
if  the  reflectance  was  measured  under  normal  incidence,  one  can  determine  the 
complex  refractive  index.  Using  equation3.128  we  can  represent  relation  3.122  in 
the  form 


r=r , . . . ~ rii  — Tin  + in9 

V77.(cos ipr  -I-  lsm^r)  = r 12  = } (3.137) 

rii  + n2  + i n2 

Separating  the  real  and  imaginary  part  of  this  equation  and  solving  the  two  simul- 
taneous equations  for  n'  and  n"  leads  to 


n'(iu)  — 


n^l  — 7 £(u>)] 


1 + 7 Z(lu)  — 2^/71(lo)  cos  ipr(u>)  ’ 


(3.138) 


n"(  io)  = 


2ni\flZ(uj)  sin ipr(u> ) 


1 + lZ(u)  — 2^1 Z(u)  cos  tpr(u>) 


(3.139) 


Finally,  using  the  appropriate  relationships,  the  complex  permittivity  and  conduc- 
tivity, as  well  as  the  penetration  depth  and  absorption  coefficient  can  be  obtained. 


3.4  Optics  of  Thin  Films  and 
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Multi-Layered  Structures 

This  section  presents  some  general  methods  for  calculating  the  reflectance  and 
transmittance  of  multi-layered,  homogeneousand  isotropic  within  the  limits  of  each 
layer  structures.  All  interfaces  are  presumed  to  be  flat  and  parallel  to  each  other. 
The  simplest  such  structure  is  considered  in  subsection  3.4.1. 

For  a single  layer,  using  the  Fresnel  coefficients  for  each  interface,  it  is  straight- 
forward to  perform  an  Airy  summation  of  all  partial  contributions,  due  to  the 
multiple  reflections  within  the  layer,  to  the  reflected  and  transmitted  waves.  A 
similar  treatment  is  still  possible  for  two  layers  [32].  But  as  the  number  of  layers 
increases  this  method  becomes  too  complicated  and  inconvenient. 

The  general  method  for  solving  such  problems  is  to  assume  there  are  forward- 
and  backward-propagating  waves  within  each  layer  except  for  the  last  medium 
in  which  only  a forward- propagating  wave  exist.  Then  the  boundary  conditions 
for  the  tangential  components  of  E and  H are  applied  for  each  interface,  H is 
expressed  through  E,  and  by  solving  the  simultaneous  equations  all  amplitude  coef- 
ficients can  be  determined  in  terms  of  the  incident  amplitude.  These  results  allow 
one  to  calculate  the  reflection  and  transmission  coefficients  for  the  multi-layered 
structure.  Actually,  this  is  exactly  how  expressions  for  the  Fresnel  coefficients  for  a 
single  interface  are  obtained.  For  the  case  of  a single  layer  this  method  is  presented 
by  Heavens  [30,  pp.  59-62],  Abeles  has  shown  how  to  express  the  amplitudes  in 
successive  media  by  the  respective  Fresnel  coefficients  [33],  [30,  p.  61]. 

Most  interesting  are  the  three  recursive  methods  that  are  suitable  for  comput- 
erization: 

• Method  of  Pierre  Rouard  [34,30]:  the  bottom-most  (right-most)  two  layers 
are  replaced  by  one  effective  one,  and  its  effective  characteristics  are  calcu- 
lated; the  same  procedure  is  repeated  recursively  until  a single  layer  remains. 
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• Method  of  Antonin  Vasfcek  [35,30],  similar  to  the  previous  one,  but  the  order 
is  reversed:  the  top-most  (left-most)  two  layers  are  replaced  by  one  effective 
one,  and  its  effective  characteristics  are  calculated;  the  same  procedure  is 
repeated  recursively  until  a single  layer  remains. 

• Matrix  method  [18]:  every  interface  is  represented  by  a transmission  matrix, 
and  every  layer  by  a propagation  matrix;  then  a multi-layered  structure 
is  represented  by  a product  of  such  matrices.  The  matrix  elements  of  the 
resultant  matrix  are  related  to  the  Fresnel  coefficients  for  the  entire  multi- 
layered structure. 

Some  of  these  methods  for  solving  of  multi-layered  optical  structures  will  be 
covered  in  this  section. 

3.4.1  Reflection  from  and  Transmission 
through  a Single  Layer 

Now  we  are  dealing  with  a single  layer  (medium  2),  surrounded  by  two  flat  and 
parallel  to  each  other  interfaces,  immersed  into  two  (in  general  different)  semi- 
infinite media  1 and  3.  This  is  illustrated  by  Fig.  3.2.  The  three  media  are 
assumed  to  be  isotropic  and  uniform.  Suppose  a parallel  beam  is  incident  upon 
such  a structure  from  the  bottom  left  corner  of  Figure  3.2.  A single  ray  of  unit 
amplitude  represents  that  beam  on  the  figure.  For  easy  tracing  of  the  rays  an 
oblique  incidence  is  assumed.  Similar  phenomena  occur  for  normal  incidence,  too, 
but  the  rays  are  retracing  each  other  and  their  graphical  representations  is  more 
difficult. 

Each  time  a ray  hits  an  interface  it  is  split  into  reflected  and  transmitted 
fractions.  The  transmitted  one  reaches  the  next  interface  and  in  its  turn  under- 
goes splitting,  etc.  Thus,  a certain  portion  of  the  electromagnetic  wave  shuttles 
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Figure  3.2:  Multiple  reflections  from  and  transmissions  through  a single  layer. 
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forth  and  back  within  the  layer.  Upon  each  consecutive  reflection  the  intensity  of 
the  shuttling  wave  decreases,  approaching  asymptotically  zero  as  the  order  of  the 
reflection  grows  to  infinity.  The  “lost”  intensity  is  actually  transmitted  into  the 
respective  adjacent  medium.  If  layer  2 is  absorbing,  then  the  intensity  decreases 
even  faster  with  increasing  the  order  of  reflections  or  transmissions,  because  the 
phase  change  £>2  while  the  wave  propagates  through  medium  2 would  then  be 
complex. 

The  phases  shown  in  Fig.  3.2  are  correct  just  as  the  ray  is  leaving  the  interface 
after  the  last  reflection  or  transmission. 


3. 4. 1.1  Reflection  and  transmission  coefficients 

Summing  the  initially  reflected  light  with  the  contribution  of  all  subsequent 
transmissions  into  medium  1,  Airy  obtained  the  total  reflection  coefficient  for 
layer  2,  sandwiched  between  media  1 and  3 [18,30]: 


ffi-3  — ffi,2  + U,2  £2,1  r2,3  e2lV2[l  + r^i  r2,3  e2‘^2  + (u->,i  r2,3  e 1'/,2)  + •••] 


ti, 2 tj  1 r2>3  e2i  = ri,2  + r2|3  e2i ^ 

1 - r 2 1 r2,3  e2i^2  1 + r1>2  r2>3  e2'^2 ' 


(3.140) 


The  last  transformation  was  performed  by  using  the  reversibility  conditions  3.118 
and  3.119.  The  complex  phase  change  for  a one-way  traversing  of  layer  2 is 


£>2  = (27rd2/A)n2  cos#2. 


(3.141) 


Similarly,  summing  the  partial  waves  from  all  transmissions  into  medium  3, 
Airy  obtained  the  total  transmission  coefficient  for  layer  2,  sandwiched  between 
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media  1 and  3: 

^i—3  = t\,2  ^2,3  [1  + ^2,3  ^2,i  e2'1^2  + (r2>3  t*2,\  e2’^2)2  + ■ • •]  e11^2 

^1,2  ^2,3  e11^2  _ ^1,2  ^2,3  e‘^2 

1 - i r2i3  e2i  1 + ri>2  r2i3  e2i^2 

Equations  3.140  and  3.142  apply  for  both  normal  and  oblique  incidence,  provided 
the  respective  Fresnel  coefficients  are  substituted  into  these  equations. 

After  using  the  expressions  above  to  calculate  the  complex  reflection  and  trans- 
mission coefficients,  they  can  be  represented  in  polar  form 

ri_3  = |n_3|  e1¥>i-3;  *1—3  = |*i—3 1 e1^-3,  (3.143) 

which  allows  determination  of  the  phase  change  </j^3  upon  reflection  from,  or  3 
upon  transmission  through  layer  2,  sandwiched  between  media  1 and  3. 

From  expressions  3.140  and  3.142  it  can  be  seen  that  ri_3  and  fi_3  are  periodic 
functions  of  the  phase  change15  <p2  from  a one-way  trip  across  layer  2 with  period 
7r  and  2-7T,  respectively.  Therefore,  if  the  thickness  of  layer  2 d2  is  such  that  ip2  = tt 

lim  n_3  = ri3;  lim  7^i_3  = (3.144) 

(^2— >7T 

lim  ?i_3  = -Fii3;  lim  Tx_3  = 71,3.  (3.145) 

y?2— >7T  ip  2—*™ 

This  explains  why  a layer  2 with  thickness  d2  = A/(2 n3)  would  be  “invisible”.  Such 
layers  are  called  half-A,  or  latent  layers. 


(3.142) 


15Here  for  simplicity  the  phase  is  taken  real  which  is  equivalent  to  a non-absorbing  medium. 
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As  can  be  expected,  when  the  thickness  of  layer  2 d2  — > 0,  or  equivalently,  when 
the  phase  change  for  a one-way  trip  across  layer  2 </?2  — » 0 

lim  ri_3  = ni3;  lim  £_3  = ti,3.  (3.146) 

(^2—^0  ^2—^0 

This  means  that  if  layer  2 is  removed  we  return  to  the  results  for  a single  interface 
between  media  1 and  3. 


3. 4. 1.2  Reflectance,  transmittance  and  absorptance 

Once  we  have  calculated  r1_3  and  £i_3,  the  reflectance  and  transmittance  can 
be  obtained  using  expressions  that  are  analogous  to  3.114-3.117 


7^1-3 


n2,i  • S i 
n2,i  • S j 


— 1 2 — — * 

r 1 —3 1 = 0-3  0-3 


|o,2|I 2  + |^2,3 12  + 2Re  |rii2  r2i3  e2‘^2 } 

1 + |rii2r2l3|2  + 2Re{ru  r2i3  e2i^2}  ’ 


(3.147) 


(3.148) 
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n2,i  • S3 

n3  cos  93 

n2,i  • S1 

ni  cos  9i 

(3.149) 


I n3  cos  63  77,3  cos  91 
n\  cos  #1  n\  cos  9\ 


-3  t\_ 3 


(3.150) 


n3  cos  63 

| 

1 1,2  ^2,3 

2 e V2 

n\  cos  81 

1 + |0,2  r2,3 

|2  + 2Re  {ri  2 r2,3  e2'*’2} 

(3.151) 


The  latter  two  expressions  replace  the  incorrect  ones  given  by  Heavens  [30, 
equations  4(48)  and  4(49)]. 

It  should  be  reminded  that  if  medium  1 is  absorbing  then  7^i_3  is  a strictly 
correct  expression  for  the  reflectance  only  in  the  infinitely  thin  layer  of  medium  1 
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adjacent  to  the  interface  1-2.  As  the  wave  propagates  further  back  into  medium  1 
it  is  damped  continuously  due  to  absorption  in  medium  1. 

Similarly,  if  medium  3 is  absorbing  then  71  _3  is  a strictly  correct  expression 
for  the  transmittance  only  in  the  infinitely  thin  layer  of  medium  3 adjacent  to  the 
interface  2-3.  As  the  wave  propagates  further  forward  into  medium  3 it  is  damped 
continuously  due  to  absorption  in  medium  3. 

Finally,  the  conservation  of  energy  gives  the  absorption  within  layer  2: 


A2  — 1 — ^-1-3  ~ 7 1_3 


(3.152) 


Let  us  introduce  the  polar  representations  of  the  Fresnel  coefficients 


(3.153) 


(3.154) 


where 


rj,j+ 1 \rj,j+ il  > 


(3.155) 


From  the  left-side  reversibility  relation  3.118  it  follows  that 


Ajj + 1 A 7T,  rad 


4>j+ij  = -<t>jj+ i±7r,  rad  (3.156) 


The  phase  changes  (pjj+i  and  (pjj+i  are  real  provided  there  are  no  losses  upon 
reflection  from  and  transmission  through  the  interface  between  media  j and  j + 1, 
respectively.  Here  j — 1 or  2. 
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Using  equations  3.153-3.155,  the  reflectance  3.148  and  transmittance  3.151  can 
be  reduced  to 

= rj2  + rf,3  + 2ri|2r2,3Re{ei»»  + ^+*»>} 

13  1 + (rl3r%3f  + 2r2il  r2, 3 Re  {e1^ + »>.i  + »».»)}'  ' ' 


71-3  — 


n3  cos  d3 


ni  cos^i 


(U,2  ^2,3)2  e2<^2 


1 + (ri,2r2,3)2  + 2ri,2  r2>3  Re{ei(2V2+^.2  + ^,3)} 


. (3.158) 


The  latter  two  equations  can  be  expressed  in  terms  of  the  single  interface 
reflectance  and  transmittance 

^ ftu  + ^2,3  + 2^,2  7^,3  Rel^^  + ^+^j  r31Rm 

1-3  1 + fti.2^2,3  + ‘ly/'R'IZ  722,3  Re  {ed2^2  + ¥’1’2  +^2,3)  j.  ’ 


71—3  = 


71,2  7-2, 3e2^ 


1 + ^r.2^2,3  + 2^/721;2  ^2,3  Re{ed2^+vi,2  + ^,3)} 


(3.160) 


The  imaginary  part  of  the  complex  phase  <p2  accounts  for  absorption  within 
layer  2.  In  equations  3.157-3.160  we  can  take  the  real-part  operations: 


Re{ei(2^  + ^’2  + ^}  = cos (2^2  + tplt2  + <p2,3)  e~2^' 


(3.161) 


If  medium  2 is  only  very  weakly  absorbing,  ignoring  the  imaginary  part  of  the 
phase,  further  reduces  equations  3.159  and  3.160  to 


_ 72-1,2  + 722,3  + 2^/72-!, 2 72-2.3  COS  (2<£>'2  + 7h,2  + <£2,3)  , 

7?.i_3  = = -,  (3.162) 

1 + 72i,2  722,3  + 2v/72-i,2  72.2,3  cos  (2^  + 7b, 2 + 7b, 3) 


71-3  = 


71,2  72,3 


1 + 72i,2  722,3  + 2^72.2,1  72.2,3  cos  (2</?2  + 7b, 2 + 7b, 3) 


(3.163) 
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Often  the  ambient  media  1 and  3 are  the  same  (most  often  vacuum,  or  air). 
These  expressions  are  applicable  to  two  types  of  such  cases: 

• the  realistic,  completely  symmetric  case.  Then  the  symmetry  relations 
72-2,3  = 72-2,1,  and  T2t3  = T2>\  hold  true; 

• the  imaginary  asymmetric  case:  regardless  of  the  fact  that  the  single  layer 
is  surrounded  symmetrically  by  media  1 and  3,  i.e. , here  we  assume  that  the 
two  interfaces  are  different  though  the  two  ambient  media  are  the  equivalent. 

The  latter  case,  even  though  unrealistic,  is  interesting  as  a starting  point  for 
treating  of  asymmetric  Fabry-Perot  resonators. 

3. 4. 1.3  Fabry-Perot  resonance 

Here  the  Fabry-Perot  resonance  is  described  briefly.  The  basic  theory  of  Fabry- 
Perot  resonators  is  covered  in  more  detail  in  section  3.5. 

From  Airy’s  formulas  it  is  clear  that  the  coefficients  ?i_3  and  fx_3,  and  hence 
the  reflectance  and  transmittance  as  well,  are  periodic  functions  of  the  phase  for 
non-absorbing  media,  and  damped  oscillating  functions  of  the  phase  for  absorbing 
media. 

For  normal  incidence,  the  phase  depends  linearly  on  the  layer  thickness  and 
the  wave  number  v = 1/A.  If  either  of  them  is  varied,  the  transmittance  and 
reflectance  will  manifest  the  periodical  fringes  characteristic  for  the  Fabry-Perot 
resonance. 

Let  us  imagine  that  such  a structure  is  illuminated  with  a continuous  spectrum 
within  a range  Au,  e.g.,  the  polychromatic  radiation  from  the  source  of  a Fourier- 
transform  interferometer.  Due  to  the  non-monochromatic  character  of  the  source, 
there  will  be  a corresponding  spread  A</>2  of  the  phase  change  (f)2  that  occurs 
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while  the  wave  travels  within  medium  2.  When  the  corresponding  phase  range  is 
A02  = 7r,  or  the  thickness  of  medium  2 is  d2  = (2 n2Aiy)^1  there  is  a complete 
overlap  of  the  fringes  from  two  adjacent  orders  that  correspond  to  the  two  ends 
of  the  spectral  range.  Above  that  threshold  the  reflectance  and  transmittance  will 
no  longer  have  periodic  character.  Therefore,  the  Fabry-Perot  resonance  will  be 
observable  provided  layer  2 is  thin  enough 

d2  < (2n2Ai>)"1  (3.164) 

which  is  the  condition  for  incomplete  overlap  of  the  fringes  from  two  adjacent 
orders  for  the  two  ends  of  the  covered  spectral  range.  Naturally,  the  stronger  the 
inequality,  the  better  the  observability  of  the  resonance  will  be. 

When  the  opposite  inequality  holds  true 

d2  > {2n2Ai>)~\  (3.165) 

layer  2 is  thick  and  the  fringes  are  lost  [18,  p.  98]. 

If  one  needs  to  calculate  the  reflectance  from  or  transmittance  through  a thick 
layer,  elimination  of  the  fringes  by  spectral  averaging  of  the  data  must  be  per- 
formed. 

3. 4. 1.4  Single  absorbing  layer,  normal  incidence. 

Here  the  incident  beam  is  normal  to  the  interface.  We  are  interested  in 
the  reflection  from  and  the  transmission  through  an  absorbing  layer  sandwiched 
between  two  absorbing  semi-infinite  media.  Applying  equation  3.124  and  3.125  for 


no 


the  two  interfaces,  we  have 


T 1,2 


ni  - n2  ~ 

~ — ; — ci  2 
ni  + n2 


2n\ 

ni  + n2 


(3.166) 


r 2,3 


n2  - n3 
n2  + n3’ 


2 n2 

n2  + n3‘ 


(3.167) 


Substituting  these  four  equations  into  the  Airy  sums  3.140  and  3.142 


(rq  - n2)(n2  + n3)e  ly?2  + (m  + n2)(n2  - n3)eiip2 
(ni  + n2)(n2  + n3)e-i£2  + (ni  - n2)(n2  - n3)e+i<^2’ 


^1—3 


4niw2 

(ni  + n2)(n2  + n3)e-‘^2  + (r7x  - n2)(n2 


n3)e 


+i^2 


(3.169) 


Finally,  substituting  the  latter  two  equations  into  expressions  3.147  and  3.150, 
we  get  the  reflectance  and  transmittance  for  the  special  case  of  normal  incidence 


77-i_3 


A/'q  + A/fe_ 
M’c  + A fd 


16  |nin3|  [n2|2 
A fc  + A fd 


(3.170) 


where 


A/"a  — |(ni  — n2){n2  + n3)|2  + |(ni  + n2)(n2  — n3)|2,  (3.171) 


Mb  = 2Re  { (n*  - n*2){ri*2  + nl)(ni  + n2)(n2  - n3)e2l<?2},  (3.172) 

Mc  = |(ni  + n2)(n2  + n3)|2  + |(ni  - n2)(n2  - n3)|2,  (3.173) 


Md  = 2Re  {(rij  + n2){n*2  + n3)(ni  - n2)(n2  - n3)e2'^2}  . (3.174) 


Ill 


Equations  3.170  with  the  partial  expressions  (macros?)  3.171-3.172  must 
replace  the  wrong  ones  given  by  Heavens  [30,  eqs.  4(54)  and  4(55)]. 

3.4.2  Reflection  and  Transmission  by  Two  Layers 

This  case  involves  a stack  of  two  layers  bound  by  three  interfaces,  surrounded 
by  two,  possibly  different,  media.  It  will  be  used  as  an  illustration  for  two  of  the 
recursive  methods.  Such  a structure  is  presented  in  Fig.  3.3.  Only  the  primary 
reflection  and  transmission  for  each  layer  are  shown.  (Alternately,  this  could  be  an 
illustration  for  the  direct  application  of  the  boundary  conditions,  with  a forward- 
and  a backward- propagating  wave  in  each  medium.) 

From  equations  3.140  and  3.142  we  get 


n, 2 + r2, 3 e21^2 
1 + rh2  r2,3  e2i^2  ’ 


ti,2  ^2,3  e1^2 
1 + h, 2 r2, 3 e2'^2  ’ 


(3.175) 


r2, 3 + Fm  e2‘ y3 

1 + r2,3  r3,4  e2'^3  ’ 


t2- 4 — 


^2,3  ^3,4  e1^3 
1 + To  3 r3  4 e2i^3 


(3.176) 


Naturally,  the  complex  phase  change  for  a one-way  traversing  of  layer  j is 


< Pj  = (2irdj/\)njCOs9j\  j = 2,  3.  (3.177) 

The  method  of  Pierre  Rouard  [34,30]  prescribes  that  r2^  and  £2, 3 in  equations 
3.175  be  replaced  by  the  expressions  for  r2_4  and  t2_4  given  by  equations  3.176,  in 
order  to  get  ri_4  and  1 1_4,  respectively. 

Vice  versa,  the  method  of  Antonin  Vasfcek  (pronounced  “Vashichek”)  [35,30] 
prescribes  that  r2 ,3  and  t2<3  in  equations  3.176  be  replaced  by  the  expressions  for 
r!_3  and  t4_3  given  by  equations  3.175,  in  order  to  get  r4_4  and  1 1_4,  respectively. 


112 


Figure  3.3:  Reflection  and  transmission  by  two  layers. 
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In  both  cases  the  results  are  the  same: 


n,2  + f 2,3  e2iyz  + r3, 4 e2i(yz  +y3)  + ri,2  r2,3  r3|4  e2l<^3  17g. 

1 + r12  r2) 3 e2i^2  + fi>2  ^3,4  e2i^2  +<?3)  f2  3 r3  4 e2i<^3  ’ 


h- 4 — 


1 1,2  ^2,3  ^3,4  e1^2  + <^ 


1 + t i,2  J" 2,3  e2i  + r1)2  r3,4  e2i(v2  +v3)  + r2)3  r3>4  e2i 


V3 


(3.179) 


In  order  to  do  practical  calculations,  it  is  convenient  to  represent  all  complex 
quantities  in  polar  form,  perform  all  the  operations,  and  in  the  end,  separate  the 
real  and  imaginary  parts. 

For  non-absorbing  media,  all  quantities  in  the  equations  above,  except  for  the 
exponential  factors,  become  real. 


3.4.3  Reflection  and  Transmission  by  Many  Layers 

More  than  two  layers  impose  the  use  of  computers,  even  though  the  latter  are 
useful  for  the  simpler  cases,  too.  The  equations  get  more  complicated,  but  since 
they  are  solved  iteratively  it  becomes  a pointless  exercise  to  write  them  in  full  even 
if  the  sheet  were  wide  enough. 

The  methods  of  Pierre  Rouard  [34,30],  and  Antonin  Vasicek  [35,30],  illustrated 
through  a simple  example  in  the  previous  subsection,  can  be  easily  generalized  for 
an  arbitrary  number  of  layers. 

The  general  method  using  the  boundary  conditions  also  works,  especially  if 
the  amplitudes  are  expressed  in  terms  of  Fresnel  coefficients  following  Abeles  [33]. 
This  procedure  is  especially  convenient  for  absorbing  media  [30]. 

Another  method  that  is  suitable  for  multi-layered  structures  is  the  matrix 
method.  A brief  presentation  of  the  matrix  method  follows. 
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3.4.4  Reflection  and  Transmission  Using  Matrix  Method 

Let  the  normal  to  the  interface  is  in  the  z = nlj2  direction.  Since  medium  j (for 
any  j ) is  uniform  in  the  x-y  plane,  if  the  plane  of  incidence  is  xOz,  the  electric 
field  will  be  of  the  form  [18]: 

E{-\x,y,z)  = Ef\z)  e*  <***-“*>  y,  (3.180) 

E[?{x,y,z)  = Efiz)  e1^1-^)  (cos^  x - sin0,  z).  (3.181) 

Furthermore,  in  medium  j (for  any  j ) of  the  multi-layered  optical  structure, 
the  electrical  amplitude  of  an  electromagnetic  wave  for  both  s-  and  p-polarizations 
can  be  decomposed  into  forward-  and  backward-propagating  waves: 

Ej(z)  = E^iz)  + E(f\z)  = AFje'*jzZ  + ABje~iltjzZ.  (3.182) 

Even  though  the  amplitude  on  the  left  side  is  a continuous  function  of  z,  its 

components  on  the  right  side  can  be  discontinuous  at  each  interface. 

The  relationship  between  the  wave-vector  components  and  the  angle  of  inci- 
dence or  refraction  is 

kjX  = (u/c)njsin0j-,  kjz  — (u/c)nj  cosOj.  (3.183) 

Let  us  assume  that  the  interface  between  medium  j and  medium  j + 1 is 
positioned  at  Zj,  and  hence  the  thickness  of  layer  j is  dj  = Zj+\  — Zj.  We  can 
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introduce  the  following  abbreviations 


A<  = E. 


(+)/.- 


(zi ); 


Bj  = 3 


(-)/.- 
j 


(zi ), 


(3.184) 


= 


(3.185) 


where  z“  (z+ ) is  the  position  of  a plane  just16  before  (after)  the  interface  between 
medium  j and  medium  j + 1,  respectively.  Each  A or  B describes  a forward-  or 
backward-propagating  wave,  respectively. 

The  linear  relationships  resulting  from  applying  the  boundary  conditions  at 
interface  j can  be  expressed  conveniently  with  a matrix  equation 


<z ' t 

Aj+ 1 


it  \ 


j+i 


— Dj  DJ+i 


— Djj+i 


(3.186) 


B,  ) 


/ 


^ ) 


where  the  dynamical  matrix  of  medium  j,  given  for  s-  and  p-polarization,  is 


r 1 

1 

Oj 

' S 

II 

cos  Oj 

cos  6j 

7 J 

l Zj  cos  9j 

— Zj  cos  9j  , 

\ Zj 

~Zj  > 

(3.187) 


D;  is  the  inverse  of  the  dynamical  matrix  Dj,  and  DjJ+1  = DJ+1  is  the 
transmission  matrix  for  the  interface  between  media  j and  j + 1,  which  describes 


16Infinitesimally  close  to  the  interface. 


116 


both  the  reflection  and  transmission  of  that  interface: 


D 


(a) 

j,j+ 1 


^ ^ _l_  -^7+1  COS  9j+ 1 ^j+1  COS  6j+l  ^ 

Zj  cos  6]  Zj  cos  6] 

1 _ Zj+i  cosg7+i  1 Zj+i  cos  0j+i 

\ Zj  cos  6j  Zj  cos  Qj  ) 


(3.188) 


D 


(p) 

j.j+i 


^ cos  @j+ 1 Zj+\ 

cos  9j  Zj 

cos  9j+ i ^)+i 

\ cos  6j  Zj 


COS  Zj  ^ 

cos  Z,- 

cos  9j +1  , Zj  _)_  i 

fe  | — 

COS  #j  Zj  / 


(3.189) 


If  we  were  to  reduce  the  latter  matrix  to  the  form  given  by  Yeh,  a common  factor 
of  cos  9j+ 1/  cos  9j  would  have  to  appear  in  front  of  the  matrix  which  is  missing  from 
equation  5.1-11  in  [18].  Consequently,  the  expressions  for  the  p- waves  in  equations 
5.1-13  and  5.1-14  also  seem  to  be  wrong. 

For  both  polarizations,  the  transmission  matrix  can  be  represented  through  the 
Fresnel  coefficients  in  the  form  [18] 


D 


j,j+ 1 


ljj+ 1 


^ 1 rj,j+ 1 ^ 


\ 1 rj,j+ 1 J 


(3.190) 


The  effect  of  layer  j on  a wave  that  is  crossing  it,  is  accounted  for  by  the 
propagation  matrix  Pj 


(Q) 

(aA 

= Pi 

K ) 

(3.191) 


V 
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By  means  of  the  introduced  matrices,  layered  optical  structures  with  an  arbi- 
trary number  of  layers  can  be  considered.  Thus,  for  a system  consisting  of  N 
layers  surrounded  by  media  1 and  N + 2 (the  latter  one  could  also  be  a very  thick 
substrate  or  a completely  opaque,  that  is  strongly  absorbing,  substrate)  we  can 
write 


U' 


B,  ) 


= M 


(0 


/ j?  \ 

^JV+2 


y &N+2  ) 


( M(i)  \ 

^1,1  ^1,2 


K~.(  0 r.W 

^ m2  j m2  2 y 


( # \ 

/1AT+2 


y &N+ 2 j 


l = l,2,3,...,N  + l (3.192) 


where  the  transfer  matrix  of  the  portion  of  the  system  from  layer  l to  medium 
N + 2 is 


M 


(0 


N ~ N 

- II  [Djj+iPj+i  Djv+i^+2  = [6,-  Dj+iPj+i  D„+1D*+a.  (3.193) 

3=1  j=l 


Note  that  in  the  expression  above,  the  propagation  matrices  Pj  and  Pyv+2  for  the 
two  ambient  media  are  not  included. 

Once  the  transfer  matrix  for  the  whole  system  has  been  calculated,  it  is  easy 
to  find  the  reflection  and  transmission  coefficients 

~ ~(i)  ~ 

~ _ _ ^2,1  ~ AN+2  1 

n-(JV+2)  - - 7(iji  ^1— >(JV +2)  = = ~ZTu-  (3.194) 
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Finally,  the  reflectance  and  transmittance  are 


7^1— (N+2) 


M 


(i) 

2,1 


r.(l) 

Mu 


Tl-,(N+ 2)  — 


71/V+2  COS  6 

n\  cos  6\ 


iV+2 


1 

.'.(I)  2' 

Mm 


(3.195) 


3.5  Theoretical  Background  of  Flat 
Fabry-Perot  Resonators 

A simple  plane  Fabry-Perot  resonator  consists  of  two  parallel  flat  mirrors  sep- 
arated by  a gap,  with  their  reflecting  surfaces  facing  each  other.  However,  it  can 
be  shown  that  any  multi-layered  resonator  structure  can  be  reduced  to  an  effective 
simple  resonator  with  two  interface  surfaces  (see  Chapter  8). 

Thus,  the  transmittance  through  such  a multi-layered  resonator  structure  is 
given  by  equation  3.163.  Straightforward  algebraic  transformations17  lead  to  the 
following  expression  for  the  transmittance  of  the  Fabry-Perot  resonator  [36].  Simul- 
taneously the  notation  has  been  simplified  in  a self-explanatory  manner,  and  we 
have  allowed  the  two  reflectors  to  be  different  from  each  other  (asymmetric  res- 
onator) [37]. 

T = TjTn(\  - ^R^y2 

1 T 4\/ RjRjj  (l  — y/ RjRjj ) sin2  (i/>/2) 

where  T and  R are  the  transmittance  and  the  front-side18  reflectance  respectively, 
of  the  individual  reflectors  - denoted  by  Roman  subscripts  / and  II,  and  i/>  is  the 

17It  is  easier  to  do  the  derivation  backwards:  starting  from  equation  3.196,  if  one  cancels  the 
common  denominators  for  the  ratio,  discloses  the  parentheses,  and  then  uses  the  trigonometric 
identity  1 — 2 sin2  ip/2  = cos  ip,  one  gets  back  to  equation  3.163. 

18Generally,  if  the  reflector  is  a multi-layered  structure,  the  reflectance  from  both  of  its  sides 
is  different,  and  one  must  distinguish  between  front-side  and  back-side  reflectance. 
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total  phase  change 


ip  — p (p i cpji ; P = 2 u)d/c.  (3.197) 


Here  P = 2</q  is  the  phase  change  of  an  electromagnetic  wave,  characterized  by 
angular  frequency  lu,  for  one  round  trip  inside  the  vacuum  cavity  (refractive  index 
equal  to  one)  of  length  d,  and  <p  is  the  phase  change  upon  reflection  from  the 
respective  reflector  ( I or  II). 

Let  us  introduce  the  reflective  finesse19  [38,18] 

T = irjRjRu)114 

1 — y/RjRu 

and  the  contrast  factor  [5,39,38] 

C=  1 + F = 1 + (2F/tt)2,  (3.199) 


which  normally  is  a large  number  and  is  therefore  approximately  given  by  the 
F-parameter20 


F = (2F/tt)2  - WRjRu  (l  - VRiRii)  \ 


(3.200) 


By  using  these  just  introduced  quantities,  as  well  as  the  resonant  transmittance 


^ TiTii 

*res  , > 2 ’ 


(i  - 


(3.201) 


19 Vaughan  [36]  calls  T ideal-reflectivity  finesse,  and  like  Hernandez  [38]  denotes  it  by  Nr. 


20called  so  by  Born  and  Wolf  [5]  and  Hernandez  [38],  Others  [40,36]  call  it  sloppily  “finesse” 
which  facilitates  confusion.  Even  worse,  Fowles  [40]  whose  book  in  other  respects  is  very  good 
and  clear,  does  not  even  mention  the  actual  finesse  given  by  equation3.198. 
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equation  3.196  for  the  transmittance  of  the  Fabry-Perot  resonator  is  reduced  to 


T = 


T 


T 

1 res 


1 + (2Jr/ir)2  sin2  ■0/2  1 + Fsin2t/>/2 


(3.202) 


By  introducing  the  Airy  shape  function 


A{^)  = 


1 + (2F/7r)2  sin2 1/>/2  1 + Fsin2,0/2 


(3.203) 


the  Fabry-Perot  transmittance  equation  3.202  can  be  ultimately  reduced  to 


T = TresA( ip). 


(3.204) 


Note  that  the  relationship  between  the  F-parameter  and  the  finesse  T is  not 
linear.  The  former  simplifies  the  appearance  of  equation  3.202  to  a greater  extent, 
whereas  the  latter  one  is  the  ratio  of  the  free  spectral  range  to  the  bandwidth  (see 
equation  3.207). 

Evidently  when21  ^ = (2m  + l)7r  or  ^ = iplnJx  = 2mn,  where  m is 

an  integer  counting  the  interference  fringes,  the  transmittance  of  the  Fabry-Perot 
resonator  reaches  its  minimum  value  Tmin  = Tres  [1  + (2F/7t)2]  1 or  maximum 
value  Tmax  = Tres),  respectively. 

Assuming  that  the  frequency  variation  of  Tres  is  small,  for  the  half  maxima 
(71/2  — T^es/2)  the  denominator  in  equation  3.202  must  be  set  to  2,  which  gives 

T2  sin2  (-01/2/2)  = (7t/2)2.  (3.205) 

21The  respective  frequencies  are  masked  within  the  expression  for  the  phase  through  equa- 
tion 3.197. 
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As  the  right  side  of  this  equationis  small,  and  the  square  of  the  sine  is  bound  by  1, 
assuming  that  the  finesse  T is  large  enough  leads  to  the  conclusion  that  the  sine  is 
small  and  therefore  can  be  replaced  by  its  argument  in  radians.  Finally,  taking  into 
account  that  the  sine  function  has  a period  of  2n,  under  all  assumptions  above,  we 
get  for  the  phase  (see  footnote  21)  at  the  half  maxima  'ip^  = 2miv  ± 7 r/F. 

If  the  phase  (frequency)  variations  of  0/  and  4>n  are  neglected,  then  the  phase 
bandwidth  8 ^ of  a single  fringe  is  2n/Jr  = 8iJj  = 8(3  = And8u,  or  the  frequency 
bandwidth  of  a single  fringe,  i.e.,  the  full  width  at  half  maximum  (FWHM),  is 

Soj  = (2  dry1.  (3.206) 

Evidently,  for  a fixed  vacuum-cavity  length  d,  the  finesse  T is  inversely  proportional 
to  the  bandwidth  8uj.  Remembering  that  the  free  spectral  range  is  Ac o = (2d)-1, 
we  can  reach  a second  definition  of  the  finesse  as  the  ratio  of  the  free  spectral  range 
to  the  frequency  bandwidth: 

T = Acn/dcu.  (3.207) 

Note  that  the  latter  equation  is  consistent  only  with  the  finesse  T as  defined  by 
equation  3.198,  but  not  with  the  F-parameter  as  defined  by  equation  3.200. 


CHAPTER  4 

SUPERCONDUCTIVITY  OF  THE  CUPRATES 

4.1  Review  of  Early  Studies  on  the  Cuprates 

Research  in  the  field  of  high-temperature  superconductivity  is  very  active.  It 
is  not  easy  to  summarize  the  work  in  this  field  briefly.  The  cuprates  are  complex 
compounds  with  interesting  properties  which  are  difficult  to  interpret.  These  chal- 
lenging substances  require  the  use  of  the  whole  arsenal  of  experimental  methods 
developed  by  physicists.  Reviews  devoted  to  one  or  more  of  the  various  experi- 
mental techniques  are  published  quite  often. 

Herein  by  necessity  I will  concentrate  mainly  on  the  infrared  studies  although 
other  methods  may  be  mentioned  occasionally.  My  task  is  made  somewhat  easier 
by  several  related  reviews  that  are  available  [23,25,41-44].  As  the  combined  volume 
of  these  reviews  is  comparable  or  exceeding  that  of  an  average  PhD  dissertation,  the 
review  herein  will  inevitably  omit  a whole  lot  of  important  details.  Any  research 
“branches”  that  have  proven  to  be  dead-end  will  be  “cut” . My  only  hope  is  to  be 
able  to  reconstruct  at  least  the  large-scale  structure  of  the  research  developments. 

The  first  review  by  Tanner  and  Timusk  [23]  covers  the  early  studies  (1986- 
1988)  on  polished  and  textured  ceramic  samples,  as  well  as  the  pioneering  studies 
of  crystals  and  thin  films.  This  review  is  the  guideline  for  the  next  subsection. 
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4.1.1  Mid-Infrared  Absorption 

4. 1.1.1  Ceramic  samples 

The  first  infrared  measurements  by  Tajima  et  al.  [45]  were  done  on 
La2_xSrxCu04  ( x = 0.18),  La2_xBaxCu04  ( x = 0.10),  and  La2Cu04  (the  parent 
compound).  The  two  doped  samples  had  a reflectance  minimum  at  A = 1.5  yum 
(6  = 0.83  eV).  The  spectral  position  of  the  minimum  did  not  change  with  dop- 
ing. Such  a minimum  was  not  observed  in  the  parent-compound  reflectance.  With 
increasing  wavelength,  the  reflectance  rises  quickly,  with  the  increase  being  steeper 
and  the  final  reflectance  magnitude  being  higher  for  the  most-heavily  doped  sam- 
ple. Three  strong  infrared-active  phonons  were  observed  for  the  parent  compound. 
The  softest  one  is  absent  from  the  doped-samples  spectra.  The  authors  discussed 
the  results  as  manifesting  a plasma  edge  and  absorption  by  free  carriers. 

Soon  thereafter  Orenstein  et  al.  [46]  published  room-temperature  reflectance 
spectra  of  La2_xSrxCu04  ( x = 0.175),  La2Cu04  and  YBa2Cu307_<5,  while  Herr 
et  al.  [47]  presented  the  reflectance  spectra  of  La2_xSrxCu04  ( x = 0.15)  measured 
at  4.2,  70,  and  300  K.  Both  groups  found  that  only  the  far-infrared  optical  proper- 
ties could  be  described  by  a simple  Drude  model.  They  observed  a strong,  broad 
(ca.  1 eV)  feature  in  the  mid-infrared  (<£  = 0.44  — 0.45  eV  for  La2_xSrxCu04  and 
0.65  eV  for  YBa2Cu307_i).  The  Drude  term  contributed  only  a small  part  of  its 
oscillator  strength. 

Orenstein  et  al.  [46]  modeled  the  spectra  using  a two-fluid  Drude-Lorentz 
model,  whereas  Herr  et  al.  [47]  obtained  the  frequency  dependence  of  conductivity 
by  Kramers-Kronig  analysis  and  found  that  the  vibrational  features  (especially 
the  one  at  240  cm-1)  were  anomalously  strong. 

Ceramic  YBa2Cu307_,s  samples  were  studied  in  the  mid-  and  far-infrared  by 
Bonn  et  al.  [48]  and  Kamaras  et  al.  [49]  Kramers-Kronig  analysis  produced  a broad 
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(almost  1 eV)  mid-infrared  band  at  <£  = 0.37  eV,  observed  in  the  superconducting 
(<5  = 0.1),  but  not  in  the  non-superconducting  (5  = 0.8)  sample.  The  authors 
attributed  the  absorption  in  the  mid-infrared  to  a charge-transfer  electronic  exci- 
tation among  strongly  correlated,  perhaps  localized  electrons.  Such  electrons  were 
suggested  by  Varma  et  al.  [50]. 

As  Orenstein  and  Rapkine  pointed  out,  the  early  measurements  described  above 
were  inaccurate  due  to  low  quality  of  the  inhomogeneous  samples  and  ignoring  the 
strong  anisotropy  of  the  cuprates  [51]. 

Schlesinger  et  al.  [52]  realized  that  the  mixing  of  c-axis  phonon  structure 
with  aft-plane  electronic  absorption  leads  to  the  apparently  anomalous  oscillator 
strength  which  was  determined  by  either  Kramers-Kronig  analysis  [47,49],  or  fits 
using  a model  dielectric  function  [53].  Polarized  measurements  confirmed  that 
claim. 

Tajima  et  al.  [45]  found  that  the  spectral  position  6600  cm-1  ((£  = 0.83  eV) 
of  the  plasmon  minimum  La2_xBaxCu04  did  not  depend  on  x when  the  latter 
was  in  the  range  from  0.06  to  0.18.  This  was  confirmed  by  others  [23,  p.  364], 
Etemad  et  al.  [54,55]  studied  La2_xSrxCu04with  x in  the  range  from  0 to  0.30  and 
found  that  though  the  low-frequency  reflectance  varied  with  doping  level,  still  the 
spectral  location  of  the  reflectance  minimum  was  invariably  at  £ = 0.9  eV.  This 
contradicts  the  Drude  model  according  to  which  the  square  of  the  screened  (since 
£oo  is  present)  plasma  frequency  is  proportional  to  the  carrier1  concentration  ne: 


By  varying  the  doping  level  it  was  found  that  the  oscillator  strength  of  the  mid- 
infrared  band  is  correlated  with  the  critical  temperature  Tc.  In  YBa2Cu307_,5  this 


(4.1) 


1The  subscript  distinguishes  the  concentration  from  the  refractive  index. 
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was  observed  by  Kamaras  et  al.  [49,56],  whereas  in  La2_ISrICu04  by  Orenstein 
et  al.  [57]  and  by  Etemad  et  al.  [54,55]. 

An  important  detail  is  that  the  normal-state  DC  conductivity  is  not  correlated 
with  superconductivity.  Indeed,  in  the  overdoped  samples  [58]  aDC  continues  to 
rise  with  x,  contrary  to  the  decreasing  Tc. 

Bonn  et  al.  [59]  showed  that  by  using  ceramic  pellets  of  high  density,  annealed 
for  sufficient  time  at  high  temperature,  and  by  avoiding  polishing  or  other  mechan- 
ical processing,  one  can  obtain  textured  ceramic  samples.  X-ray  and  electron- 
microscope  analysis  prove  that  about  80%  of  the  surface  is  covered  with  fine  crys- 
tals with  their  c-axes  normal  to  the  surface.  Though  such  a surface  appear  to  be 
quite  rough  compared  to  a polished  one,  after  scattering  correction  the  textured 
samples  have  a much  higher  reflectance  than  the  polished  ones. 

The  textured  ceramics  were  studied  [59-62]  within  a wide  spectral  range  at 
temperatures  within  the  range  from  2 to  300  K.  The  conductivity  obtained  by 
Kramers-Kronig  analysis  of  the  reflectance  has  a relatively  narrow  Drude  peak 
at  low  frequencies,  six  sharp  phonon  lines,  and  a broad  mid-infrared  wing.  The 
normal-state  data  can  be  fit  with  the  following  dielectric  function 
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. (4.2) 


The  the  four  terms  in  this  equation  are  as  follows: 


1.  the  first  accounts  for  the  high-frequency  part  e ^ = 3.8; 


2.  the  second  describes  the  Drude  contribution,  characterized  by  plasma  fre- 
quency ujpD  — 0.74  eV/h  (5,900  cm-1)  and  relaxation  rate  1/r  = 0.037  eV/h 
(300  cm-1); 
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3.  the  third  is  a Lorentz  term  modeling  the  mid-infrared  absorption  and  is 
characterized  by  strength  tupe  = 2.6  eV/h  (21,000  cm-1),  center  frequency 
ue  = 0.26  eV/h  (2,100  cm-1),  and  a width  of  qe  = 1.0  eV/h  (8,400  cm-1); 

4.  the  fourth  is  a sum  of  Lorentz  oscillators  representing  the  Nph  — 6 phonons 
whose  parameters  are  given  by  Bonn  et  al.  [59]. 

It  is  interesting  that  the  mid-infrared  term  is  so  strong  and  wide,  that  even  though 
centered  at  0.26  eV  (2,100  cm-1),  it  takes  over  from  the  Drude  term  already  at 
0.06  eV  (500  cm-1). 

The  resistivity  at  100  cm-1  follows,  as  expected  [63,64]  for  high-quality  samples, 
linear  dependence 

P = pQ  + aT,  (4.3) 


where  the  zero-temperature  intercept  pa  is  relatively  small. 

The  real  part  e'(uj)  of  the  dielectric  function  is  negative  at  low  frequencies, 
as  can  be  expected  for  a conductor,  but  is  almost  zero  above  0.1  eV  (800  cm-1): 
within  the  spectral  range  from  800  to  2,000  cm-V(u;)  is  positive  at  300  K,  and 
negative  at  100  K,  but  in  both  cases  its  absolute  value  is  small.  This  small  value 
of  e'(u>)  is  behind  the  steep  plasmon-like  drop  of  the  reflectance  in  the  far-infrared. 
The  superconducting-state  data  can  be  fit  with  the  following  dielectric  function 

[62] 
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Comparison  with  equation  4.2  shows  that  most  terms  are  unchanged  (even  the 
values  of  the  parameters  in  them  remain  almost  the  same),  except  for  the  Drude 
term  which  has  been  replaced  by  a complex  London  term  in  which  u>vs  a 
is  the  plasma  frequency  (oscillator  strength)  of  the  superfluid  electrons,  propor- 
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t.ional  to  the  square  root  from  the  concentration  ns  of  superconducting  electrons. 
The  real  part  of  the  London  term  corresponds  the  inertial  response  at  finite  fre- 
quency, whereas  the  imaginary  part  includes  the  delta  function  that  describes  to 
the  diverging  DC  conductivity  of  the  superconductor. 

4. 1.1. 2 Crystal  samples  and  thin  films 

The  mid-infrared  absorption  band  has  also  been  observed  in  the  ah-plane  spec- 
tra of  YBa2Cu307_(5  crystals  [60-62,65,66]  and  thin  films  [67]. 

The  normal-state  reflectance  from  crystals  can  also  be  fit  with  the  dielectric 
function  given  by  equation  4.2,  but  the  parameters  are  slightly  changed.  At  100  K 
[60-62]  the  following  values  were  found: 

1.  Drude  plasma  frequency  ujpD  = 1.2  eV/fi  (9,700  cm-1)  and  relaxation  rate 
1/r  = 0.030  eV/h  (240  cm'1); 

2.  mid-infrared  strength  upe  = 2.5  eV/h  (20,000  cm-1),  center  frequency  ue  = 
0.25  eV/h  (2,000  cm-1),  and  a width  of  qe  = 0.6  eV/fi  (5,000  cm-1). 

Phonons  were  observed,  but  because  the  crystals  are  small  and  have  a much 
higher  conductivity  than  the  ceramics,  the  signal-to-noise  ratio  of  the  spectra  is 
inadequate  to  produce  reliable  phonon  parameters. 

The  Drude  contribution  to  the  dielectric  function  at  100  K leads  to  a value  for 
the  DC  conductivity  aDc  = 6500  (D-cm)-1,  which  agrees  with  the  measured  one. 

Van  der  Marel  et  al.  [67]  measured  the  room-temperature  reflectance  of  a thin 
YBa2Cu307_5  film  and  by  comparing  the  conductivity  extracted  from  that  mea- 
surements with  the  density  of  states  obtained  independently,  they  established  that 
the  low-energy  bands  observed  in  the  conductivity  spectra  cannot  be  associated 
with  interband  transitions. 
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All  measurements  mentioned  earlier,  even  when  polarizeed,  gave  only  averages 
for  the  a6-plane  spectra  of  YBa2Cu307_(S,  because  of  twinning  of  the  crystals. 
Therefore  Tanaka  et  al.  [68,69]  made  an  important  breakthrough:  they  used  a 
microscope  to  measure  a single-domain,  reflectance  from  an  EuBa2Cu307_,5  crystal 
with  the  polarization  along  either  a or  6 (the  latter  being  the  direction  of  the  Cu-0 
chains.  The  spectra  with  these  two  polarizations  are  markedly  different:  for  the 
6-polarization  the  reflectance  is  higher,  the  plasmon  frequency  is  higher  and  the 
plasma  edge  is  steeper,  compared  to  those  for  the  a-polarization. 

Kramers-Kronig  analysis  shows  that  the  conductivity  and  the  electron  loss 
function  are  also  different  for  the  two  polarizations,  but  strong  mid-infrared  bands 
are  present  in  both  cases. 

Large  anisotropy  between  the  a6-plane  and  c-axis  was  also  reported  for 
La2_xSrICu04  [70,71].  Even  for  compositions  whose  a6-plane  has  metallic  appear- 
ance, the  c axis  is  nevertheless  insulating. 

At  photon  energies  above  1 eV,  La2_ISrxCu04  ceramics  [47,54]  and  crystals 
[72]  are  characterized  by  doping-independent  bands  at  1.4,  2.7,  and  5 eV,  which 
are  followed  by  strong  absorption  due  to  interband  transitions. 

Using  ellipsometry,  Etemad  et  al.  [54]  found  in  the  parent  compound  La2Cu04 
a strong  band  at  2 eV,  which  becomes  weaker  with  doping,  and  disappears  when 
x > 0.10. 

Similarly,  at  photon  energies  above  1 eV,  YBa2Cu307_5  ceramics  [49,73,74], 
films  [67,75],  and  crystals  [74],  absorb  at  2. 5-2. 7 and  above  6 eV,  the  latter  being 
followed  by  strong  interband  absorption. 

Kelly  et  al.  [74]  found  in  the  parent  compound  YBa2Cu307_<56  two  very  narrow 
absorption  bands  at  1.7  and  4.1  eV  which  get  weaker  with  doping  and  disappear 
when  6 < 0.10. 
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The  early  infrared  studies  of  high-temperature  superconductors  devoted  a lot 
of  fruitless  efforts  to  determine  the  superconducting  energy  gap  [23]. 

4.2  Review  of  More  Recent  Studies 
on  the  Cuprates 

The  second  review  by  Tanner  and  Timusk  [25]  covers  the  next  period  (1988- 
1990)  of  studies  of  the  afe-plane  conductivity  of  crystals  and  thin  films.  This  review 
is  the  guideline  for  this  subsection.  Well-established  facts  at  the  time  the  review 
was  written: 

1.  The  parent  compounds  are  charge-transfer  insulators  with  a gap  about  2 eV 
(16,000  cm-1).  The  charge  transfer  gap  is  stabilized  by  the  combination  of: 

• a large  Hubbard  energy  U on  the  Cu  sites  which  prevents  them  from 
double-electron  occupancy; 

• and  the  energy  difference  between  the  Cu  dx2_y2  state  and  the  O px  and 
py  states. 

2.  In  the  doped  compounds,  the  holes  occupy  oxygen  sites  in  the  CuC>2  layers, 
and  act  as  mobile  charge  carriers  in  both  the  normal  and  superconducting 
regime. 

3.  The  cuprates  are  “clean-limit”  (the  superconducting  coherence  length  £ < 
the  electronic  mean  free  path  £),  normal-skin-effect  (the  electronic  mean  free 
path  £ < the  penetration  depth  A)  superconductors.  This  is  so  because  the 
cuprates  have  very  low  £,  but  their  carrier  concentrations  (and  hence  conduc- 
tivity) are  relatively  low,  leading  to  higher  A in  comparison  with  the  metal 
elements.  Conversely,  many  clean  metal  elements,  known  to  be  supercon- 
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ducting,  are  in  the  anomalous  skin  effect  regime  which  according  to  Mattis 
and  Bardeen  [76]  is  equivalent  to  being  “dirty  limit”  superconductors. 

4.2.1  A Second  Look  at  Mid-Infrared  Absorption 

4. 2. 1.1  La2_xSrxCu04 

With  only  one  CuC>2  plane  per  formula  unit  (i.e. , two  per  unit  cell), 
La2_ISrICu04  is  the  simplest  of  the  cuprate  families.  It  allows  doping  in  a wide 
region:  from  x = 0 (antiferromagnetic  insulator),  though  x = 0.15  (optimally 
doped  superconductor),  to  x — 0.3  (a  very  queer  metal). 

It  is  difficult  to  produce  large,  homogeneous  La2_xSra:Cu04  single  crystals. 
For  this  reason  most  early  studies  were  done  on  low-quality  samples  with  broad 
superconducting  transitions  or  even  on  non-superconductingsamples.  Uchida 
et  al.  [77,78]  presented  the  first  study  on  samples  of  a better  quality.  The  compo- 
sition x (doping)  was  within  the  range  from  0 to  0.34.  The  sample  with  x = 0.15 
had  a very  sharp  superconducting  transition  at  Tc  = 27  K (which  is  below  the 
expected  38  K for  such  a composition).  The  samples  with  x = 0.10  and  x = 0.20 
had  Tc  = 18  and  22  K,  respectively. 

The  undoped  sample  (x  = 0)  has  reflectance  typical  for  an  insulator:  there 
is  a high  phonon  peak  about  700  cm-1  («  .09  eV),  the  mid-infrared  reflectance 
is  almost  constantup  to  the  Cu-0  charge  transfer  band  at  2 eV  (16,000  cm-1). 
Phonons  at  140  and  360  cm-1  have  also  been  found  [70,71,79]. 

With  doping,  the  mid-infrared  portion  rises,  masking  the  phonons,  and  the 
charge-transfer  band  weakens.  The  plasmon  minimum,  however,  is  pinned  at  about 
1 eV  for  most  of  the  doping  range.  Only  for  heavily  overdoped  samples  (x  = 0.34) 
the  plasmon  minimum  has  a small  red-shift  which  indicates  a small  reduction  of 
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the  mid-infrared  oscillator  strength  for  strongly  overdoped  non-superconducting 
La2-xSrxCuC>4  samples. 

The  conductivity  spectrum,  obtained  by  Kramers-Kronig  analysis  of  the 
reflectance  data,  manifests  these  details  even  more  clearly.  For  the  undoped  sam- 
ple the  conductivity  below  1 eV  is  negligible  (the  negative  values  and  the  absence 
of  the  phonon  contribution  may  be  due  to  uncertainties,  or  to  the  chosen  extrapo- 
lations outside  the  measured  spectral  range),  and  the  absorption  at  2 eV  is  clearly 
seen. 

With  doping  the  spectral  weight  (or  oscillator  strength)  of  the  band  decreases; 
but  other  features  appear  in  the  mid-infrared  and  in  the  vicinity  of  1.5  eV.  The  mid- 
infrared  band  manifests  as  a maximum  in  the  lightly  doped  samples  which  proves  it 
is  not  related  to  the  Drude  absorption  in  the  far-infrared.  When  x = 0.02  the  mid- 
infrared  maximum  is  about  0.5  eV  (4,000  cm-1),  it  shifts  to  0.14  eV  (1,100  cm-1) 
for  the  x = 0.10  sample,  but  becomes  only  a shoulder  for  the  x = 0.15  sample.  In 
samples  of  higher  doping  than  the  latter  one,  the  mid-infrared  absorption  is  hard 
to  discern:  because  of  the  high  DC  conductivity  it  is  hidden  by  the  Drude  peak. 
However,  the  mid-infrared  absorption  can  be  seen  clearly  for  all  superconducting 
compositions. 

The  intensity  of  the  phonon  bands  is  almost  constant  with  doping. 

The  DC  conductivity  quickly  increases  (resistivity  decreases)  with  doping.  It 
agrees  with  the  far-infrared  conductivity  (resistivity)  to  within  a factor  of  2.  E.g., 
for  the  x — 0.10  sample,  the  far-infrared  resistivity  pfir  = 1,  700  /ifhcm-1,  whereas 
the  four-probe-measured  resistivity  is  pDC  = 900  pO-cm-1.  That  portion  of  the 
discrepancy  which  cannot  be  attributed  to  the  rms  total  uncertainty  from  the  two 
measurements,  may  be  due  to  unaccounted  contribution  of  the  mid-infrared  band 


in  the  far-infrared. 
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For  doped  materials  at  low  photon  energies,  the  real  part  of  the  dielectric 
function  is  negative  [77,78].  The  zero-crossing  for  the  lowest  doping  (x  = 0.02)  is 
in  the  phonon  region  of  the  spectrum.  However,  for  x in  the  range  from  0.10  to 
0.34,  s'  — 0 in  the  vicinity  of  0.7  eV  invariably,  even  though  the  high-frequency 
is  decreasing  with  doping.  The  latter  decrease  is  the  result  of  oscillator-strength 
conversion  from  the  charge-transfer  band  to  the  mid-infrared  and  Drude  bands. 

For  either  free  or  bound  charge  carriers,  provided  the  binding  energy  of  the 
latter  carriers  differs  significantly  from  the  plasmon  energy  of  the  former  carriers, 
the  spectral  location  of  the  zero  crossing  e'  = 0 is  very  close  to  the  screened  plasma 
frequency,  given  by  equation  4.1.  But  if  such  analysis  were  correct,  the  insensitivity 
of  the  zero  crossing  to  doping  observed  by  Uchida  et  al.  [77,78]  would  mean  that  the 
ratio  ne/m*  does  not  change  (or  increases  slightly)  with  doping  in  the  range  from 
0.10  to  0.34],  Similar  conclusions  can  be  reached  from  considering  the  electron  loss 
function  [25,  p.  373]. 

Very  different  conclusions  can  be  reached  by  using  the  partial  sum  rule,  Eq. 
3.80.  The  effective  number  Neff(u)  of  carriers  is  zero  up  to  1 eV  for  the  undoped 
sample  which  can  be  expected  for  an  insulator.  As  one  moves  to  samples  of  increas- 
ing doping  Neff(u)  grows  in  the  far-infrared,  forms  a sloped  “plato”  showing  a 
vague  tendency  to  “saturate”  above  1 eV,  but  just  below  2 eV  the  charge-transfer 
and  other  higher  energy  transitions  take  over  and  Neff(u)  increases  more  rapidly. 
The  “plato”  raises  quickly  until  x = 0.1  is  reached,  increases  quite  slowly  in  the 
range  from  0.1  to  0.2,  and  experiences  a slight  decrease  above  x = 0.2.  The  fact  that 
Neff(uj)  > x , especially  when  x < 0.1,  is  a signal  that  some  of  the  charge-transfer 
oscillator  strength  gets  redistributed  to  the  mid-infrared  and  Drude  bands.  The 
latter  conclusion  was  made  initially  for  the  Pr2-xCexCu04  by  Cooper  et  al.  [80,25]. 

More  studies  on  the  latter  type  of  materials  have  been  reviewed  in  [25,  pp.  374- 
377],  but  will  be  omitted  here  for  brevity. 
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4. 2. 1.2  Bi  cuprates 

The  family  of  bismuth  cuprates  includes  compounds  with  one,  two,  or  three 
Cu02  layers,  separated  by  Bi-0  layers  or  layers  with  Sr+2  ion  and  apical  oxy- 
gen ions.  These  three  sub-families  can  be  denoted  briefly  as  (2201),  (2212)  and 
(2223),  respectively,  where  (nin2n3n4)  are  the  number  of  particular  atoms  in 
the  formula  unit  Bi^Sr^Ca^Cu^Oy.  In  the  two  layer  material  Bi2Sr2CaCu208 
(YBa2Cu307_<s),  Ca  (Y)  occupies  the  site  between  the  two  Cu02  planes.  Thus, 
Bi2Sr2CaCu208  is  a system  very  similar  to  YBa2Cu307_«5,  except  for  the  fact  that 
the  latter  one  has  also  a layer  with  quasi-one-dimensional  Cu-0  chains.  The  charge 
carriers  in  Bi2Sr2CaCu208  are  holes.  It  is  assumed  that  they  originate  from  the 
Bi-0  layer,  either  from  defects  or  from  charge  transfer.  Band  structure  calculations 
predict  that  the  Bi-0  layer  should  also  be  conducting  [81-83].  But  STM2  [84]  and 
EEL3  [85]  measurements  have  proven  that  actually  the  Bi-0  layer  has  an  energy 
gap  of  the  order  of  4 eV.  The  fact  that  this  layer  is  an  insulator  has  been  further 
confirmed  by  photoelectron  spectroscopy  of  well-annealed  samples  with  very  high 

Tc  [86], 

Maeda  et  al.  [87]  compared  polycrystalline  ceramic  samples  belonging  to  the 
three  sub-families  of  Bi  cuprates  by  measuring  their  infrared  reflectance.  The 
reflectance  minimum  shows  a blue  shift  as  the  number  of  Cu02  layers  increases.  It 
is  roughly  at  about  7000,  9000,  and  12000  cm_1for  the  measured  compositions  with 
one  (2. 1,1. 9, 0,1),  two  (2, 1.8, 1.2, 2),  and  three  (1.85,Pb0.35,2,1.2,3.1)  Cu02  layers  per 
unit  cell,  respectively.  Drude  fits  give  the  screened  plasmon  frequencies  to  be  about 
5500,  7400,  and  8800  cm-1,  respectively.  Tanner  and  Timusk  [25,  pp.  377]  pointed 

2 Scanning  Tunneling  Microscope 

3 Electron  Energy  Loss 
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out  that  these  values  must  be  multiplied  by  in  order  to  get  the  actual  plasma 
frequency. 

Bi2Sr2CaCu208  doped  with  Y was  studied,  also  [87].  If  Ca2+  is  replaced  by  Y3+, 
the  number  of  holes  on  the  Cu02  planes  decreases.  When  about  50  % of  the  Ca  is 
replaced  by  Y,  the  system  becomes  an  insulator.  The  hole  concentration  changes 
with  Y content  whereas  the  plasmon  frequency  is  pinned.  Rather  the  far-infrared 
reflectance  decreases  as  the  Y doping  is  increased.  Similar  behaviour  is  familiar 
from  La2_xSrxCu04,  and  is  a warning  that  estimating  the  carrier  concentration 
from  the  reflectance  minimum  spectral  location  is  unreliable. 

Reedyk  et  al.  [88]  measured  the  temperature  dependence  of  far-infrared 
reflectance  from  single-crystal  Bi2Sr2CaCu208  samples  with  Tc  = 85  K and  cal- 
culated the  optical  conductivity  by  Kramers-Kronig  analysis.  Later,  similar 
data  were  reported  by  others.  [89-93].  Throughout  the  infrared  spectral  range 
the  reflectance  goes  down  steadily  and  reaches  its  minimum  in  the  vicinity  of 
10000  cm_1(1.3  eV).  Above  1000  cm_1the  temperature  dependence  is  negligible. 
A wide,  but  weak  band  with  a maximum  at  about  16000  cm-1  (2  eV)  is  present 
and  is  interpreted  as  a charge-transfer  band.  A structure,  whose  appearance  varies 
from  sample  to  sample,  spans  the  spectral  range  from  28  to  32xl03  cm-1  (from  3.5 
to  4.0  eV).  Most  probably  it  originates  due  to  excitations  of  the  Bi-0  layer. 

Forro  et  al.  [94]  showed  that  the  micaceous  layered  structure  of  Bi2Sr2CaCu208 
allows  using  of  free  standing  flakes  with  thickness  that  can  be  as  low  as  100  nm, 
suitable  for  transmittance  measurements.  Romero  et  al.  [95]  studied  the  unpolar- 
ized transmittance  through  Bi2Sr2CaCu208  flakes  within  the  temperature  range 
from  20  to  300  K.  Without  an  interfering  substrate,  they  were  able  to  cover  a 
wide  spectral  range  from  80  to  30,000  cm-1.  The  transmittance  is  very  low,  and 
increases  with  frequency.  As  can  be  expected,  the  far-infrared  portion  has  a pro- 
nounced temperature  dependence.  Below  Tc  the  transmittance  is  negligible,  and 
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can  be  approximated  with  T a uj2.  In  the  normal  state  it  has  a finite  DC  inter- 
cept. The  transmittance  is  quasi-linear  with  the  frequency  within  the  spectral 
range  from  1000  to  2200  cm-1(from  0.12  to  0.27  eV).  At  higher  frequencies  the 
slope  is  steeper.  The  transmittance  has  a maximum  at  14000  cm-1  (1.8  eV)  and 
another  one  at  25000  cm_1(3.1  eV).  Such  a linear  T(u)  cannot  be  expected  for  a 
simple  metal. 

Indeed,  Glover  and  Tinkham  [96,97]  obtained  the  approximate  transmittance 
through  a free-standing  thin  metallic  film 

T = [(1  + Z0a'd/ 2)2  + (Z0a"d/2f}-\  (4.5) 

where  o'  and  o" , are  the  real  and  imaginary  part  of  the  conductivity  (equa- 
tion 2.112),  the  wave  impedance  of  vacuum  Z0  is  given  by  equation  3.17,  and 

d is  the  film  thickness.  When  the  transmittance  is  very  low  (T  <C  1),  the  unity  in 
the  first  term  can  be  neglected,  and  equation  4.5  is  reduced  to 

T^A\Z0dd\~2.  (4.6) 

For  a simple  metal  in  the  far-infrared  o"  <C  o'.  Therefore,  in  the  normal  state 
the  DC  intercept  of  T[ui)  is  a direct  measure  of  the  DC  conductivity.  In  the 
superconducting  state  the  superfluid  inductive  response  dominates  [o'  <C  o")  in 
the  far-infrared. 

The  high-frequency  [tu  1/r)  limit  of  equation  3.51  leads  to  purely  imaginary 
free-carrier  conductivity 

d[ui)  « \e0J2vju).  (4.7) 
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Substitution  of  this  equation  into  equation  4.6  gives  a quadratic  frequency  depen- 
dence 

T ss  4cj2  ( Z0de0uj 2)  2 oc  uj2.  (4.8) 


Therefore,  the  quasi-linear  spectral  dependence  of  the  transmittance  is  a fur- 
ther proof  that  the  mid-infrared  conductivity  cannot  be  attributed  to  Drude  free 
carriers. 

In  the  superconducting  state,  one  can  see  a shoulder  around  700  cm-1  (90  meV). 
This  shoulder  is  related  to  both  superconductivity  and  the  mid-infrared  absorption. 
A clear  explanation  of  the  latter  connection  is  given  by  Tanner  and  Timusk  [25, 
p.  381]. 

The  Kramers-Kronig  relations  3.130  and  3.133  between  the  reflectance  and 
phase  change  upon  reflection,  can  be  adapted  for  transmittance  and  phase  change 
upon  transmission.  Comparison  of  equations  3.147  and  3.149  shows  that  this  can 
be  done  by  the  formal  substitution 


n 


7l\  COS  6 1 

n3 cos  #3 


T; 


^ Pr  > 


(4.9) 


and  if  the  film  is  surrounded  by  equivalent  media  on  both  sides  (n3  = rq)  this  is 
simplified  to 

77— >T;  ipr  — *•  ipt.  (4-10) 


Once  the  phase  change  ipt( u)  upon  transmission  has  been  determined,  the  com- 
plex refractive  index  can  be  calculated  by  numerical  solution  of 


x/Teiv*(w) 


4n 

(n  + l)2e-i/30)  — (n  — l)2el/30)  ’ 


(4.11) 


where  @(u)  = codn/c  is  the  phase  change  for  one  trip  through  the  film.  Before 
the  numerical  solution,  one  must  add  the  phase  change  /30{uj)  = ood/c  the  wave 
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would  have  after  propagating  for  a distance  d through  vacuum  to  <pt{u).  After  the 
complex  refractive  index  has  been  found,  one  can  calculate  the  complex  dielectric 
function,  and  from  its  imaginary  part  the  conductivity  can  be  determined. 

Romero  et  al.  [98]  and  Tanner  et  al.  [99]  used  Kramers-Kronig  analysis  in 
the  manner  described  above  to  get  the  optical  conductivity  of  Bi2Sr2CaCu208. 
The  normal-state,  low-frequency  conductivity  is  approximately  equal  to  the  DC 
conductivity.  Though  it  is  a decreasing  function  of  frequency  as  if  it  were  from 
Drude  free  carriers,  above  300  cm-1,  it  changes  more  according  to  o'  a a;-1, 
rather  than  o’  ex  cu-2,  expected  for  the  Drude  case.  Moreover,  the  temperature 
dependence  of  a'(uj)  at  higher  frequencies  is  much  smaller  than  at  DC  or  in  the  far- 
infrared.  In  the  superconducting  state,  o'{uj)  has  a broad  band  with  a maximum 
around  1000  cm_1(0.15  eV),  and  some  phonon  structure.  There  is  also  a small 
minimum  at  400  cm-1  (50  meV). 

Martin  et  al.  [100]  noted  that  the  conductivity  of  Bi2Sr2Cu06  has  a “metallic” 
temperature  dependence,  but  the  system  either  never  becomes  superconducting  or 
otherwise  Tc  < 5 K.  Romero  et  al.  [98]  studied  this  compound  using  the  technique 
described  above  for  Bi2Sr2CaCu208.  The  conductivity  spectra  of  Bi2Sr2Cu06  are 
very  similar  to  those  of  the  normal-state  Bi2Sr2CaCu208.  Both  the  magnitude  and 
the  temperature  dependence  of  the  far-infrared  optical  conductivity  agree  with  the 
DC  conductivity.  The  initial  decrease  of  a'(u)  with  frequency  is  Drude-like,  but 
at  higher  frequencies  it  switches  to  ex'  oc  u;-1  and  the  temperature  dependence 
becomes  limited.  These  data  have  shown  the  important  fact  that  the  non-Drude 
behaviour  is  not  necessarily  correlated  with  a high  TCl  but  is  due  to  the  holes 
present  in  the  Cu02  layers. 
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4. 2. 1.3  Y cuprates 

YBa2Cu307_5  has  been  studied  very  extensively.  It  is  one  of  the  most  compli- 
cated and  interesting  superconductors:  it  includes  both  Cu-0  plains  and  chains, 
most  samples  are  microtwinned  and  can  provide  only  average  values  within  the 
a — 6-plane,  and  besides  have  a variable  oxygen  content  [25] 

The  first  complete  measurements  of  a — 6-plane  reflectance  were  done  by 
Schiitzmann  et  al.  [101]  who  found  that  the  reflectance  drops  steadily,  but  not 
quite  linearly  throughout  the  infrared  range.  They  found  two  strong  bands  in  the 
infrared  at  zero  frequency  (Drude)  and  in  the  mid-infrared  around  500  cm-1. 

Thomas  et  al.  [66],  Cooper  et  al.  [102],  and  Orenstein  et  al.  [103]  studied  high 
quality  twinned  crystals  with  various  6.  They  measured  reflectance  exceeding 
90  % below  500  cm-1.  Some  samples  have  a shoulder  around  500  cm-1,  and 
all  samples  have  a plasmon  minimum  around  10000  cm-1.  Reducing  the  oxygen 
content  substantially  reduces  the  mid-infrared  reflectance.  Most  of  the  temperature 
dependence  is  noticeable  below  800  cm-1. 

Many  groups,  including  Kamaras  et  al.  [104],  et  al.  [101],  have  used  Kramers- 
Kronig  analysis  to  determine  the  optical  conductivity.  In  the  normal  state  a Hagen- 
Rubens  low-frequency  extrapolation  works  well.  The  far-infrared  conductivity  has 
a strong  temperature  dependence,  but  the  changes  in  the  mid-infrared  are  small. 
There  is  a minimum  around  430  cm-1  which  is  significantly  more  pronounced  in 
the  normal  state. 

As  larger  single  crystals  of  higher  quality  became  available  many  researchers 
studied  the  a — 6-plane  anisotropy  due  to  the  metallic  Cu-0  chains.  Numerous 
references  can  be  found  in  the  second  review  article  by  Tanner  and  Timusk  [25] 

Before  1995  YBCO  was  the  most  studied  material  from  among  the  cuprates. 
Later  the  attention  shifted  predominantly  to  other  cuprates.  In  YBCO  the  studies 
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continued  on  the  c-axis  optical  properties  as  well  as  studies  on  the  pseudogap.  To 
avoid  turning  of  this  dissertation  into  a huge  review  article,  at  this  point  I’ll  refer 
the  curious  readers  to  the  review  articles  listed  in  the  beginning  of  this  chapter. 
Do  not  forget  to  check  if  there  are  any  new  ones  published  since  this  dissertation 
was  frozen,  and  finally  plunge  into  the  deep  ocean  of  the  original  papers. 


CHAPTER  5 

INFRARED  SPECTROSCOPY 

5.1  Introduction 

A spectrometer  is  any  instrument  that  can  produce  a spectrum — that  is  the 
dependence  of  some  quantity  (spectral  characteristic)  on  some  spectroscopic  vari- 
able. In  this  section  the  basic  components  of  a spectrometer  are  listed  and  their 
function  is  described  briefly  (definitions  of  some  terms  and  more  details  for  selected 
components  will  be  given  later): 

The  source  generates  electromagnetic  radiation.  The  collimating  optical  system 
consists  of  lenses1  and/or  mirrors  and  forms  the  source  radiation  into  a beam  of 
the  desired  geometry,  direction  and  solid  angle  (/-number).  A slit  or  aperture  at 
a focal  plane  defines  the  effective  source  dimensions  (height  x width  or  diameter) 
forming  the  cross  section  of  the  beam  to  be  a narrow  rectangle  or  a circle,  for  the 
case  of  monochromators  or  interferometers,  respectively. 

Monochromators  use  either  a dispersive  prism  or  a diffraction  grating  to  sep- 
arate spatially  the  radiation  components  of  various  frequencies  (or  wavelengths). 
Modern  high-quality  monochromators  are  based  exclusively  on  diffraction  gratings. 
Nowadays  prisms  are  only  used  for  instructional  purposes,  or  in  cheap,  not-very- 
accurate  spectrometers.  Scanning  is  accomplished  by  rotating  the  prism  or  grating 
(or  sometimes  a mirror)  with  a step  motor.2  Interferometers  use  either  a beam- 

1If  the  collimator  is  a lens,  then  the  slit  is  in  front  of  that  lens. 

2Step  motors  came  into  use  around  1965-75.  They  were  preceded  by  AC  motors  which  have 
been  used  in  monochromators  since  1940-45.  Earlier  than  that  the  operator  used  to  turn  a knob 
manually  and  record  data  point-by-point  in  a notebook  without  batteries! 
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splitter  for  amplitude  division,  or  a lamellar  grating  for  wavefront  splitting,  in  order 
to  separate  the  beam  coming  from  the  source  into  two  beams  [105].  A scanning 
mechanism  moves  a mirror  or  a subset  of  lamellae  either  stepwise,  or  continuously. 
The  scanner  in  a fast-scan  interferometer  is  air-bearing  driven  [106].  A He-Ne 
laser  is  used  to  track  the  position  of  the  moving  mirror  [107].  The  internal  optical 
system  consists  of  lenses  and/or  mirrors  that  direct  the  beam  along  its  path  within 
the  spectrometer. 

The  sample-mounting  device  could  be  within  a cryostat  to  enable  spectroscopic 
measurements  at  cryogenic  temperatures.  The  cryostat  must  be  furnished  with 
suitable  windows,  transparent  for  the  spectral  region  of  interest.  Interferometers 
often  need  high-pass  and/or  low-pass  optical  filters  to  cut  out  a frequency  range  of 
interest,  thereby  allowing  adequate  accuracy  while  preventing  aliasing.3  The  filters 
can  be  positioned  at  any  convenient  plane  crossing  the  beam  between  the  source 
and  the  detector.  However,  if  the  source  is  very  bright  and  the  beam-splitter  is 
with  small  area,  a low-pass  optical  filter  must  be  placed  between  the  source  and 
the  beam  splitter  to  protect  the  latter  from  overheating  by  cutting  the  intensive 
visible  and  ultraviolet  portions  of  the  radiation.  In  fast-scan  interferometers  this  is 
the  main  function  of  the  optical  filter,  because  aliasing  is  suppressed  by  electronic 
filters. 

The  condenser  optics  (again  lenses  and/or  mirrors)  projects  an  image  of  the 
previous  optical  component  (illuminated  part  of  the  sample,  beam  splitter,  prism, 
or  grating)  onto  the  detector.  All  optical  components  within  any  spectrometer 
have  appropriate  mechanical  adjustments  used  for  proper  alignment  of  the  beam. 
The  radiation  detector  transforms  the  electromagnetic  radiation  into  electric  signal 


3 Aliasing  is  described  later. 
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and  may  be  combined  with  a preamplifier  in  order  to  preserve  a high  signal-to-noise 
ratio. 

Finally  the  data  acquisition  system  includes  an  ADC  (an  analog-to-digital  con- 
verter to  digitize  the  analog  signal  coming  from  the  detector),  a processor  (to 
control  the  spectrometer,  to  store  in  its  RAM,  to  process,  and  to  output  the  data), 
plus  any  combination  of  long-term  storage  devices  (floppy  drive,  hard  disc,  CD- 
R,4  CD-RW,5  MO,6  or  removable  drive)  and/or  output  devices  (a  chart  recorder, 
display,  printer,  plotter).  A network  connection  may  be  useful  for  on-line  data 
exchange,  processing,  or  transfers.  Naturally,  since  the  system  is  computer-based, 
it  also  needs  some  suitable  software  for  data  acquisition,  manipulation,  and  mod- 
eling. When  one  has  to  overcome  small  signal-to-noise  ratios,  a chopper  and  a 
lock-in  nanovoltmeter  are  added  to  accomplish  phase  sensitive  detection  in  a nar- 
row frequency  range  tuned  to  the  chopping  frequency  and  phase.  A chopper  can 
also  be  used  for  filtering  [105].  With  fast-scanning  interferometers  detection  is 
synchronized  with  the  scanner  and  so  chopping  the  radiation  is  not  needed. 

Universal  spectrometers  able  to  cover  the  whole  known  electromagnetic  spec- 
trum do  not  exist  today,  and  are  unlikely  to  be  possible  even  in  the  distant  future. 
Hence,  various  types  of  sources,  detectors,  prisms,  gratings,  beam  splitters,  lenses, 
and  mirrors  are  used  in  different  spectral  regions.  Any  wide-range  spectra  are 
measured  initially  for  narrow  regions  and  later  the  various  sections  are  merged 
together  by  custom  application  software. 

E.g.,  a spectrometer  with  a rich  set  of  exchangeable  components  can  cover  the 
whole  optical  region  including  ultraviolet,  visible,  and  infrared.  Only  the  visi- 

4recordable  compact  disc  player 

Rewritable  compact  disc  player 
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ble  region,  which  is  relatively  very  narrow  can  be  covered  by  a single  instrument 
without  changing  some  components.7  The  other  two  regions  are  subdivided  fur- 
ther. For  example,  as  was  mentioned  in  chapter  2,  the  infrared  is  subdivided  into 
near,  mid,  and  far-infrared.  Specific  instruments  exist  for  each  of  these  regions. 
Measurements  are  hardest  in  the  far-infrared  which  has  to  be  subdivided  further 
into  smaller  regions  usually  named  after  the  beam-splitters  used  to  cover  them. 
Naturally  this  is  not  a universal  subdivision,  but  rather  a instrument-dependent 
one. 

Note  that  it  is  possible  to  measure  several  of  the  infrared  sub-regions  on  the 
same  instrument,  but  in  order  to  accomplish  that,  one  cannot  avoid  the  necessity 
to  change  beam  splitters  or  gratings,  and/or  sources,  and/or  detectors. 

In  its  infancy  spectroscopy  has  provided  information  about  the  various  spectral 
regions  themselves.  Then  it  is  has  been  used  to  study  the  sources,  spectral  ele- 
ments, and  detectors  employed  for  generating,  transforming,  and  detecting  of  elec- 
tromagnetic radiation  in  optical  equipment,  including  spectrometers  themselves. 
Simultaneously,  spectroscopy  has  obtained  valuable  information  about  the  interac- 
tion of  electromagnetic  radiation  with  matter.  A wide  and  diverse  group  of  samples 
can  be  studied  with  pertinent  spectroscopic  methods. 

In  most  cases  the  effects  of  the  spectrometer  and  environment  are  divided  out. 
First  a spectrum  with  the  sample  in  place  is  measured,  then  a second  (background 
or  reference)  spectrum  is  taken  without  the  sample,  and  the  respective  ordinates 
for  each  point  are  divided. 

For  samples  that  are  highly  reflective  in  a particular  spectral  region,  one  usually 
measures  reflectance.  In  the  other  extreme  case — almost  transparent  samples — one 
usually  measures  transmittance.  In  the  majority  of  intermediate  cases,  especially 

7In  order  to  enable  covering  a wider  spectral  range  any  of  all  of  the  following  components  can 
be  changed:  the  grating  or  beamsplitter,  the  filters,  the  sources,  and  the  detectors. 
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with  thin-film  samples,  one  can  measure  both  reflectance  and  transmittance,  giving 
additional  information  about  the  samples.  Moreover,  as  we  have  shown  in  chapter  6 
[108],  when  the  samples  are  flat,  parallel  plates  with  more-than-one  layer,  the 
reflectance  can  be  measured  from  both  the  front  and  back  sides  of  the  sample. 

Microscope-monochromators  exist  for  measuring  small  samples,  or  small  spots 
of  larger  samples  in  the  near  infrared.  Similar  tasks  can  be  accomplished  in  the 
mid  and  far-infrared  by  using  microscopic  attachments  to  far-mid  infrared  spec- 
trometers. 

Optical  spectroscopy  (UV,  VIS,  and  IR)  in  general,  and  IR  spectroscopy  as  its 
special  case,  often  provide  rich  data  about  the  studied  objects  or  materials.  How- 
ever, in  most  cases  it  is  necessary  to  combine  their  results  with  those  provided  by 
other  experimental  methods:  Raman  spectroscopy,  diffraction  of  neutrons,  elec- 
trons, or  x-rays,  magnetic  resonance  methods,  mass  spectrometry,  methods  for 
studying  transport  properties,  etc.  [106]. 

In  this  chapter,  the  spectrum  variables  and  their  units  will  be  covered  first. 
Then  spectroscopic  methods  for  the  optical  region  of  the  electromagnetic  region 
will  be  mentioned  briefly,  followed  by  a more  detailed  treatment  of  the  infrared 
techniques,  especially  those  suitable  for  the  far-infrared  region.  Finally,  I describe 
the  instruments  and  other  enabling  equipment  that  were  used  in  our  experiments. 

5.1.1  Spectrum  Variables  and  Units 

Due  to  historical  reasons,  suitability  for  particular  spectral  regions,  or  other 
considerations,  a number  of  spectrum  variables  are  used  in  the  various  regions  of 
the  electromagnetic  spectrum. 

For  the  shortest  waves  (gamma  rays)  most  convenient  is  the  photon  energy 
given  by  equation  2.135  € = hu , measured  in  electronvolts  [eV].  In  the  x-ray 
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region  the  wavelength  X — c/u,  measured  in  angstroms  [A]  is  the  spectral  variable 
of  choice  most  often,  as  x-ray  diffraction  is  used  to  determine  lattice  constants. 

For  the  UV  and  VIS  regions  the  wavelength  in  nanometers  [nm]  seems  to  be  the 
most  popular.  Within  the  infrared  range  non-physicists  tend  to  use  the  wavelength 
in  micrometers  [ftm],  while  physicists,  and  especially  spectroscopists,  normally  use 
the  spectroscopic  wave  number  v = 1/A,  measured  in  reciprocal  centimeters8 
[cm-1]. 

For  microwaves  and  radio  waves  the  frequency  u (often  denoted  with  /)  mea- 
sured in  tera-  or  giga-,  and  mega-,  or  kiloHertz  [THz,  GHz,  MHz,  kHz]  is  standard. 

When  thermally  excited  processes  (e.g.,  phonons,  magnons,  and  their  inter- 
actions with  photons)  are  considered  the  thermal  energy  of  a photon  = hu 
becomes  important.  So,  sometimes  the  absolute  temperature  T measured  in  Kelvin 
[K]  is  used  as  spectrum  variable.  Similarly  if  magnetic  interactions  (e.g.,  optical 
studies  of  magnons  in  magnetic  fields)  are  present  the  magnetic  energy  / lbB  = hu 
of  a photon  allows  using  of  the  magnetic-induction  magnitude  B measured  in  Tesla 
[T]  as  the  spectrum  variable.  In  the  latter  equation  /r#  is  the  Bohr  magneton. 

In  theoretical  treatments  the  angular  frequency  u — 2nv  measured  in  radians 
per  second  [rad/s],  and  the  wave  number  k = 2ir/\  = 2 nu  measured  in  radians  per 
meter  [rad/m]  are  most  convenient. 

Due  to  the  fundamental  importance  of  energy  conservation  for  all  types  of 
processes,  physicists  in  general  prefer  the  energy,  or  quantities  proportional  to 
energy.  Wavelength  often  seems  more  straightforward  to  people  from  other  fields 
and  even  to  less  experienced  physicists. 

8The  reciprocal  centimeter  is  commonly  known  as  wave  number,  but  I try  to  stay  away  from 
jargon  using  the  same  word  for  both  the  quantity  and  the  unit.  Also,  usually  the  spectroscopic 
wave  number  is  denoted  simply  by  u and  is  even  called  simply  frequency,  which  can  be  mistaken 
for  the  regular  frequency  c/A.  Sometimes  the  spectroscopic  wave  number  is  denoted  with  tilde, 
but  herein  tilde  is  reserved  for  complex  quantities.  As  a result,  breve  is  used  to  denote  the 
spectroscopic  wave  number  v. 
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Using  the  equations  relating  the  various  quantities,  it  is  easy  to  obtain  the  con- 
version factors  given  in  Table  5.1.  These  conversion  factors  have  been  calculated 

Table  5.1:  Conversion  Factors  Between  the  Various  Spectroscopic  Units. 


Quantity, 

Unit 

E,  meV 

is,  THz 

is,  cm  1 

T,  K 

B,  T 

E,  meV 

1 

0.2417989 

8.065545 

11.604506 

17.275988 

is,  GHz 

4.135667 

1 

33.35640952 

47.9924 

71.447728 

is,  cm-1 

0.1239842 

0.0299792458 

1 

1.43878 

2.1419490 

T,  K 

0.086173 

0.0208366 

0.695036 

1 

1.4887 

B,  T 

0.057883817 

0.013996246 

0.46686452 

0.67171 

1 

A - is _1, 
cm 

0.1239842 

0.0299792458 

1 

1.43878 

2.1419490 

with  the  latest  recommended  values  of  the  fundamental  constants,  taken  from  the 
web  site  of  NIST  (www . nist . org).  All  stable  (certain)  significant  digits  have  been 
kept  though  such  a high  precision  is  rarely  needed.  All  quantities  proportional 
to  photon  energy,  including  frequency,  spectroscopic  wave  number,  temperature, 
magnetic  induction,  can  be  conveniently  converted  among  each  other  using  that 
table.  Note  that  the  ^-factor  has  not  been  taken  into  account  in  the  table,  that 
is,  the  column  for  B , T should  be  divided  by  two.  Care  is  necessary  with  the  last 
line,  as  the  wavelength  is  inversely  proportional  to  all  other  quantities  in  the  table, 
and  therefore  the  factors  for  the  wave  number  become  divisors  for  the  wavelength 
as  the  two  quantities  are  proportional. 

5.1.2  Optical  Conductance 

Between  the  source  and  detector  of  any  spectrometer  there  is  a series  of  imaging 
(lenses,  mirrors,  gratings)  and/or  optically-conducting  elements  (diaphragms,  light 
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pipes,  fibers).  Samples  interact  with  radiation  and — depending  on  their  specific 


nature — can  be  considered  either  imaging,  or  conducting  or  any  combination  in 


where  L is  the  radiance  of  the  light  source  measured  in  [W/(sr-cm2)],9  G the  optical 
conductance  in  [sr-cm2],  and  r is  the  transmission  factor  of  the  system  [109]. 

Let  us  consider  two  successive  components  of  an  optical  system.  The  one  that 
is  closer  to  the  source  is  denoted  by  subscript  1,  and  the  other  one  by  subscript  2, 
respectively.  The  two  optical  components  have  active  areas  A\  and  A2.  Neglecting 
losses  to  absorption  or  scattering,  the  portion  of  the  whole  optical  system  between 
these  two  components  will  have  an  optical  conductance  given  by 


where  d Aj  is  a differential  element  of  the  area  Aj  (j  = 1,2),  d12  stands  for  the 
distance  between  the  two  surface  elements  dAi  and  d A2,  ctj  is  the  angle  between 
the  normal  to  the  surface  element  d Aj  and  the  straight  section  connecting  the  two 
surface  elements,  and  n is  the  refractive  index  of  the  medium  between  the  two 
surfaces. 

If  Aj  <C  d\  2 we  can  consider  that  d\  2 is  constant,  and  pulling  it  out  of  the 
integrals,  the  latter  can  be  taken  trivially: 


between.  Such  an  optical  system  transports  electromagnetic  radiation  with  radiant 
flux  <P  from  the  source  to  the  detector: 


<P  :=  LGt, 


(5.1) 


(5.2) 


G ~ Tl^ A\Al2/ 2* 


(5.3) 


9Here  W stands  for  watt,  and  sr  is  steradian. 


148 


Using  the  solid  angles  with  vertex  on  surface  1 or  2,  respectively 

l?i  = h?2  = ^i/^i,2>  (5-4) 

we  get  the  optical  conductance  of  the  two  optical  components 

G\  = ti?  A\Q\\  G2  — w?  A2G21  (5.5) 

where  the  left-side  equation  is  for  the  component  with  area  Ax  radiating  within  a 
solid  angle  f2x,  whereas  the  right-side  equation  is  for  the  component  with  area  A2 
being  irradiated  from  a solid  angle  1?2- 

Assuming  the  solid  angle  can  be  represented  by  a cone  with  an  apex  angle  of  20 

f2  = 27t(1  — cos  (9)  = 47rsin2(<9/2).  (5.6) 

Small  solid  angles  can  be  approximated  with 

Q ~ 7r  sin2  <9,  (5.7) 

and  substituting  this  in  equation  5.5  we  get  an  approximation  for  the  optical 
conductance  of  an  optical  component 

G « n2An  sin2  O = 7 tAA2n,  (5.8) 

where  An  = nsin(9  is  the  numerical  aperture. 

In  a well  designed  instrument  the  optical  conductance  must  be  the  same  for 
any  pair  of  successive  optical  elements.  This  will  ensure  invariant  radiance  for  any 
cross  section  of  the  optical  path,  provided  we  ignore  the  losses  due  to  unwanted 
reflection,  absorption,  or  scattering.  Should  there  be  a “weak  link”  in  the  optical 
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“chain”  due  to  theoretical  or  technical  limitations,  it  will  act  as  a bottleneck  no 
matter  how  perfect  the  rest  of  the  optical  system  is.  Depending  on  the  particular 
region  of  the  electromagnetic  spectrum  or  the  specifics  of  the  sample,  almost  any 
component  (the  source,  detector,  dispersive  or  interferometric  element,  and  even 
the  sample  itself)  can  act  as  such  a limiting  element.  E.g.,  in  the  FIR  the  sources 
are  the  weak  link  (their  longwave  tail  has  to  be  exploited),  while  in  the  MIR  the 
detectors  have  a maximum  noise  equivalent  power,  or  a minimum  detectivity  [109]. 

The  medium  in  spectrometers  is  most  often  vacuum,  dry  nitrogen,  or  air,  and 
then  n = 1. 

5.1.3  Spectrometers 
5. 1.3.1  Monochromators 

Monochromators  can  select  a narrow  spectral  range  of  radiation.  An  entry 
slit  initially  forms  a narrow  image  of  the  source.  The  beam  is  collimated  using 
either  concave  mirrors  preceding  the  slit,  or  lenses  after  the  slit.  Next,  either  a 
dispersive  prism  or  a diffraction  grating  is  used  to  separate  spatially  the  various 
spectral  frequencies.  Finally  the  needed  narrow  spectral  region  is  selected  with 
an  exit  slit.  The  radiation  from  this  narrow  spectral  region  is  either  transmit- 
ted through  or  reflected  by  the  sample  and  focused  on  the  detector.  Scanning  of 
the  whole  covered  region  of  the  spectrum  is  accomplished  by  rotating  the  disper- 
sive/diffracting element  stepwise  (or  in  rare  cases  continuously).  In  the  past  this 
used  to  be  done  manually,  but  in  recent  decades  this  task  has  been  delegated  to 
stepper  motors  controlled  by  computers  which  don’t  get  bored  easily,  offer  greater 
spectral  accuracy  and  contribute  to  better  optical  resolution. 

Prism  monochromators  are  nowadays  cheap  instruments  for  the  visible  part  of 
the  spectrum  used  for  educational  purposes  or  when  low-accuracy  measurements 


150 


are  adequate.  Furthermore,  prisms  for  the  near  and  mid  infrared  must  be  made 
from  alkali  halides  which  are  easily  damaged  by  moisture.  As  a result,  grating 
monochromators  are  used  predominantly. 

5. 1.3. 2 Interferometers 

Interferometers  split  the  beam  coming  from  the  source  into  two  or  more  coher- 
ent parts  which  cover  different  optical  paths  before  being  recombined  to  interfere. 
Depending  on  the  optical  path  difference  the  interference  can  be  constructive, 
destructive,  or  with  any  value  within  the  continuous  range  between  the  two  extreme 
values.  The  recombined  beams  are  either  reflected  by  or  transmitted  through  the 
sample  and  then  reach  the  detector.  By  scanning  stepwise  (or  continuously)  var- 
ious optical  path  differences  and  sampling  the  signal  at  every  step  (or  sampling 
periodically — when  scanning  continuously)  one  gets  an  interferogram.  It  combines 
the  interference  effects  of  the  whole  covered  frequency  range.  A processor  applies 
fast  Fourier  transformation  (FFT)  to  the  interferogram  and  the  result  is  a single- 
beam spectrum.  The  processing  must  include  phase  correction,  but  may  also  do 
additionally  apodization,  convolution  or  deconvolution,  digital  filtering,  etc.  Some 
of  these  operations  will  be  covered  briefly  later  in  this  chapter.  The  sample  single- 
beam  spectrum  is  divided  by  the  background  single-beam  spectrum  in  order  to  get 
the  reflectance  or  transmittance  power  spectrum,  respectively.  That  is  why  this 
method  is  called  power  FTS  (Fourier  Transform  Spectroscopy). 

More  rarely  amplitude  FTS  is  used:  the  sample  is  placed  between  the  beam 
splitter  and  the  fixed  mirror  (transmission),  or  replaces  the  fixed  mirror  (reflection). 
This  method  allows  both  the  modulus  and  phase  of  the  electric  amplitude  to  be 
determined  [ [105]. 

Separation  of  the  source  beam  into  two  parts  can  be  achieved  in  two  ways: 
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Lamellar  reflecting  gratings  consist  of  two  alternating  sets  of  lamellae  positioned 
in  two  parallel  planes,  and  so  the  incident  beam  is  separated  into  two  reflected 
beams  with  optical  path  difference  equal  to  the  doubled  spacing  between  these 
two  planes. 

Beam  splitters  are  either  semitransparent  films  (acting  as  Fabry-Perot  res- 
onators) or  wire  meshes.10  The  ideal  beam-splitter  is  not-absorbing,  reflects  50% 
of  the  incident  radiation  flux,  and  transmits  the  other  50%.  Real  beam  splitters 
meet  these  requirements  only  partially.  They  are  optimized  for  a particular  fre- 
quency and  are  applicable  in  a certain  range  about  that  center  frequency.  Moving 
away  from  the  central  frequency  of  a beam-splitter  inevitably  leads  to  decreasing 
its  efficiency — the  ratio  of  separation  is  50:50  only  at  the  central  frequency.  In 
order  to  cover  a wide  spectral  region  one  has  to  use  a set  of  several  beam  splitters. 

5. 1.3. 3 Comparison  of  monochromators  and  interferometers 

• Monochromator  advantages:  Simple  construction,  no  need  for  mathematical 
processing  of  the  data,  simpler  theory  and  hence  less  stringent  requirements 
to  the  education  of  their  operators.  In  dual-beam* 11  versions  the  background 
spectrum  is  taken  simultaneously  with  the  sample  one,  thus  eliminating  the 
effect  of  fluctuations  or  drifting  of  the  source,  environment,  or  some  electronic 
components. 

• Monochromator  drawbacks:  The  narrow  slits  cause  lower  throughput  and 
hence  lower  signal-to-noise  ratio  especially  in  the  far-infrared,  no  multiplex 

10In  the  past  semitransparent  silver  mirrors  have  been  used,  but  later  were  abandoned  due  to 
high  losses. 

11  Traditionally  here  the  term  “double-beam”  is  used.  I prefer  to  reserve  it  for  the  interferom- 
eters. 
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advantage — slow  monochromatic  sampling,  unsuitable  for  studying  fast  pro- 
cesses. 

• Interferometer  advantages:  Jaquinot  (throughput  or  etendue)  advantage — 
circular  apertures  have  higher  throughput  than  the  narrow  slits  necessary 
for  monochromators  to  separate  a spectral  region  that  is  small  enough.  Fell- 
gett  (multiplex)  advantage — all  frequencies  are  sampled  simultaneously,  the 
signal-to- noise  ratio  is  higher  and  sampling  is  faster. 

• Interferometer  disadvantages:  Interferometric  spectroscopy  is  a single-beam 
(this  is  unfortunate  terminology  as  from  another  point  of  view  interferometers 
use  double-beam  interference.)  technique — the  sample  and  the  background 
are  measured  separately  rather  than  simultaneously.  The  Fellgett  advantage 
only  applies  for  the  far  and  midinfrared  regions  where  performance  is  lim- 
ited by  detector  noise.  At  higher  frequencies  photon  “shot”  noise  becomes 
dominant  and  the  Fellgett  advantage  is  buried  in  it.  Also,  the  needed  FFT  is 
sometimes  prone  to  introducing  errors.  Care  is  needed  to  avoid  such  errors 
and  to  interpret  the  results  correctly.  The  more  involved  theory  requires 
operators  with  higher  education  or  deeper  knowledge. 

5.2  Fourier  Transform  Spectroscopy 

5.2.1  Generic  Michelson  Interferometer 

Not  only  was  the  Michelson  interferometer  historically  the  first  double-beam 
interferometer  used  in  commercial  instruments  for  IR  FTS,  but  some  of  its  varia- 
tions is  behind  most  interferometers  currently  in  use.  Furthermore,  its  basic  theory 
applies  for  interferometers  of  any  design  in  general.  Consider  the  simplified  dia- 
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gram  of  the  essential12  optical  part  of  a generic  Michelson  interferometer  shown  in 
Figurelt  consists  of  four  arms:  one  with  the  IR  source  E,  the  second  with  a fixed 
mirror  Ma,  the  third  with  a moving  mirror  and  the  fourth  is  directed  to  the 
sample  S and  the  detector  D.  At  the  intersection  of  the  four  arms  is  the  beam  split- 
ter B [106].  Ideally  it  should  be  non-absorbent  and  would  split  the  zeroth-order 
beam  with  intensity  7e  coming  from  the  source  into  two  first-generation  partial 
beams  with  halved  intensity  /e/2. 

The  sample  S can  be  mounted  in  four  configurations:  for  either  power  measure- 
ment of  reflectance/transmittance,  or  amplitude-phase  measurement  of  reflectiv- 
ity/transmissivity. For  power  measurements  the  sample  S is  mounted  in  a sample 
compartment  between  the  beam  splitter  B and  the  detector  D.  For  transmittance 
(T  = tt*)  measurement  the  sample  St  is  simply  placed  in  the  beam  at  right  angle 
(normal  incidence).  For  reflectance  (TZ  = Tr*)  measurements  a reflectance  stage 
(Figure)  is  added  into  the  sample  compartment.  This  stage  uses  mirrors  to  deflect 
the  beam  into  a “W” -shaped  detour.  The  top  cusp  of  “W”  is  the  position  for 
the  reflecting  sample  Sr  or  reference  mirror  M#  (Au  or  Ag).  The  incidence  is 
almost  normal,  that  is  the  angle  of  incidence  is  close  to  zero.  For  amplitude-phase 
measurements  the  sample  is  mounted  in  the  path  of  one  of  the  partial  beams:  for 
reflection-coefficient  (r)  measurement  the  sample  Sr  replaces  the  fixed  mirror  Ma, 
and  for  transmission-coefficient  (t)  measurement  the  sample  St  is  placed  normally 
in  the  beam  path  between  the  beam  splitter  B and  the  fixed  mirror  MQ. 

Measuring  a background  (reference)  spectrum  allows  one  to  divide  out  (or  very 
rarely  subtract)  any  spectral  effects  of  the  equipment,  and,  in  some  cases,  of  the 
environment.  E.g.,  for  express,  not- very-accurate  measurements,  the  sample  com- 

12The  collimating  or  condensing  optical  systems  have  been  omitted.  Flat  mirrors  are  shown 
and  the  ray-tracing  diagram  is  only  schematic.  As  a result  the  electromagnetic  waves  within  the 
interferometer  are  plane. 
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partment  may  not  be  evacuated,  but  just  flushed  with  dry  nitrogen,  or  even  left 
with  air). 

To  measure  the  reference  for  transmittance  or  transmissivity,  the  sample  is 
simply  removed  from  the  path  of  the  beam.  The  sample  holder  can  have  an  “L”- 
shaped  cross-section  with  two  wings.  Each  of  the  two  wings  has  a hole  of  identical 
diameter  in  the  middle.  The  sample  is  mounted  over  one  of  the  holes  while  the  other 
is  used  for  the  reference  measurement.  Thus,  switching  forth  and  back  between  the 
sample  and  reference  position  can  be  accomplished  by  simply  turning  the  sample 
holder  through  ±90°. 

To  measure  the  reference  for  reflectance  or  reflectivity,  the  sample  must  be 
replaced  by  a reference  mirror.  A sample  holder  with  C2„  symmetry  can  be  used. 
The  sample  and  mirror  are  glued  to  the  back  of  their  plates  over  identical  conically- 
tapered  holes.  The  two  plates  are  mounted  to  the  sample  holder  opposite  to  each 
other  facing  outward.  In  this  case  switching  forth  and  back  between  the  sample 
and  reference  position  can  be  accomplished  by  simply  turning  the  sample  holder 
through  ±180°. 

Let  us  assume  initially  that  the  interferometer  is  set  up  for  a reference  measure- 
ment, i.e.,  a sample  S is  mounted  neither  in  the  sample  compartment,  nor  within 
the  interferometer.13  The  source  emits  electromagnetic  waves.  I’ll  concentrate  on 
their  electric-field  component  as  it  is  dominating  the  interaction  with  matter.  The 
IR  beam  E — >B  emitted  by  the  source  E travels  the  distance  L^b  to  the  beam 
splitter  B.  This  beam  is  characterized  by  the  following  electric  field14  spectrum  (in 

13The  rest  of  this  section  is  based  on  a series  of  lectures  given  by  D.  B.  Tanner  in  1994  and 
1999  as  well  as  on  treatments  found  in  the  literature  [105,110,111,107,112,113]. 

14For  simplicity  only  magnitudes  of  the  field  vectors  will  be  used. 
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complex  notation): 


E^(k,t)  = Ez0(k)  expi(k  • L — ujt). 


(5.9) 


where  E%0(k)  is  the  complex  electric  field  amplitude  at  wave  vector  frequency  k 
and  L is  a vector  describing  the  displacement  of  a photon  moving  from  the  source 
along  the  beam  path.  Naturally,  at  the  source  L = 0.  The  intensity  of  the  beam 
at  angular  frequency  u is: 


Within  the  interferometer  n = 1 = e. 

One  can  get  rid  of  the  time-dependence  by  assuming  that  the  rest  of  our  deriva- 
tion is  for  t — 0.  Additionally,  since  all  distances  are  measured  along  the  beam 
path,  the  vector  notation  in  the  exponents  will  be  dropped. 

The  beam  splitter  B is  characterized  by  complex  reflectivity  rB(k)  = 
rB(k)  expi(J)B(k)  and  complex  transmissivity  tB(k ) = tB(k)  expiipB{k).  The 
reflected  beam  B— >Ma  goes  a distance  LB_,Q  to  the  fixed  mirror  Ma  character- 
ized by  complex  reflection  coefficient  ra  = ra  exp  i<j)a  with  modulus  ra  and  phase 
4>a ; the  transmitted  beam  goes  a variable  distance  LB^p  to  the  moving  mirror  Mjg 
characterized  by  complex  reflection  coefficient  r@  = rpexpicfip  with  modulus  rg 
and  phase  0g.  Then  the  two  beams  return  to  the  beam  splitter  B,  and  again  each 
of  them  is  split  in  two  second-generation  partial  beams  giving  a total  of  four  such 
beams.  Two  of  them  are  directed  back  to  the  source,  while  the  other  two  recom- 
bine and  interfere  just  after  their  second  interaction  with  the  beam  splitter  B,  as 
they  are  leaving  it  to  begin  their  trip  to  the  detector  D spaced  LB^D  apart. 


h{k)  = 0 c/n)(£e0/2)Ex0(k)E*Eo(k ). 


(5.10) 
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Our  treatment  will  be  slightly  simplified,  but  the  result  will  not  be  affected  if  we 
assume  that  the  two  second-generation  beams  travel  independently  to  recombine 
and  interfere  only  when  they  reach  the  detector  D.  In  such  a case  these  two  beams 
reach  the  detector  characterized  by  their  electric  fields: 

Em(k,u>)  = E0{k)eikL^B  rBeikLB^a  rae^aeikLB-atBeikLB^D  (5.11) 

ED2(k,uj)  = E0{k)eikL^B  tBeikLB^  rpe^eikLB^  rBeikLB-D  (5.12) 

Applying  the  principle  of  superposition,  the  total  electric  field  at  angular  fre- 
quency to  that  reaches  the  detector  is: 

Eu(k)  = EBi(k)  + EB2(k) 

= E0{h)rB{k)tB(k)j*W{ra{k)  + rf3{k)e^kd  + ^},  (5.13) 

where  the  following  three  equations  have  been  used: 


<Kfy 

= <j>p{k)  - <f>a(k), 

(5.14) 

$(fc) 

= k [Z/£_>b  + LB^d  + 2Le-.a  + <f>a(k)]- 

(5.15) 

d 

(5.16) 

Here  d is  the  displacement  of  the  moving  mirror  referred  to  the  fixed  mirror  posi- 


tion. 
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In  fact  the  detector  responds  not  to  the  electric  field  of  the  radiation,  but  to 
its  intensity.  The  spectral  density  of  the  intensity  incident  on  the  detector  is: 

SD(k)  = (c£0/2)  ED(k)  E*D(k) 

= (ceo/2)\E0(k)\2  \rB(k)\2  \tB(k)\2  |{rQ(A:)  + r0{k)el[kd  + m]}]\ 

= (ce0/2)\E0(k)\2nB(k)TB(k)  {r2a(k)  + r2(k)  (5.17) 

+ 2 ra(k)rp(k)  cos  [kd  + </>(k)]}  . 

Let  us  consider  the  product  of  the  beam-splitter  reflectance  and  transmittance 
and  apply  the  energy  conservation  relation  3.152  to  it  we  get 


nB(k)TB(k ) = nB(k)[i-nB(k)-AB(k)] 


(5.18) 


0 (min)  if  TZB(k)  = 0 or  if  TZB(k)  = 1 — AB(k), 
[1  - AB(k)}2/4  (max)  if  fcB(k)  = [1  - AB(k)\/2. 


This  equation  hints  that  the  product  of  the  beam-splitter  reflectance  and  transmit- 
tance characterizes  how  good  the  beam-splitter  is  for  a particular  spectral  range. 
Therefore  we  can  define  two  varieties  of  beam-splitter  efficiency:  amplitude  eB(k ) 
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which  is  complex,  and  power  £3 (A;). 

eB(k)  = 2 rB(k)tB(k),  (5.19) 

= \eB(k)\2  = 41lB(k)TB(k).  (5.20) 

The  spectral  power  density  of  the  source  is 

S0(k)  = \E0(k)\ 2 (5.21) 

At  this  point  it  is  convenient  to  switch  from  the  “theoretical”  variables  (u>  and 
k)  to  the  “experimental”  variables  (is  and  is).  Combining  equations  5.17,  5.18,  and 
5.19,  and  integrating  over  the  whole  spectrum  we  get  the  total  intensity  incident 
onto  the  detector. 

I f°° 

bid)  = - S0(is)£.B(is)  {r2a(is)  + r20(i>)  (5.22) 

+ 2 ra(is)  rp{is)  cos  [is  d + <t>(v)]}  d is 

As  the  displacement  d of  the  moving  mirror  increases,  the  cosine  oscillates  faster 
and  faster  and  if  d could  grow  to  infinity  the  cosine  would  vanish  at  its  average 
value. 


= lim 

d— *oc 


1 r°° 

dD{d)  = - ^ S0(is)tB{is)  [r2a(is)  + r20{is)]  d is 


(5.23) 
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Another  special  case  is  when  both  d and  0,  and  it  is  called  “zero  path  difference” 
or  “white-light  position”  of  the  moving  mirror 

Io  = Id{ 0)  = - J S0(i>)EB(i>)  [ra{i>)  + rp(v)f  d v (5.24) 

If  the  two  mirrors  were  perfect,  then  ra(v)  = — 1 = rp(v)  and  the  immediate 
consequence  would  be  Ia  — 2 1^.  For  good  mirrors  this  relationship  is  approxi- 
mately true. 

The  quantity  that  is  actually  measured  by  the  detector  of  a Fourier-transform 
interferometer  is  the  interferogram,  that  is,  the  deviation  of  the  intensity  ID(d) 
from  the  average  intensity  1^  for  each  position  d of  the  moving  mirror. 

7(d)  = ID{d)  - loo  =2  J S0  (i>)EB{i>)ra(i>)rp(i>)  cos  [i>d  + <f>(u)]di> 

&d{v)  cos[ud  + <j)(v)\  du  (5.25) 

where,  as  the  various  factors  clearly  indicate,  the  spectrum  “seen”  by  the 

detector,  combines  information  about  the  light  source,  the  beam-splitter,  the  two 
mirrors,  and  if  a sample  is  mounted  anywhere  in  the  path  of  the  beam,  then  there 
will  be  another  spectral-density  factor  to  account  for  the  sample  effect,  as  well 

&d(v)  = S0  (i>)  Sb(j')  ra{v)  r0{u)  (5.26) 

In  some  spectrometers  when  measuring  reflectance,  the  sample  can  replace  one  of 
the  mirrors  (usually  the  fixed  one).  Such  a configuration  yields  not  only  infor- 
mation about  the  amplitude,  but  also  about  the  phase  of  the  complex  reflection 
constant. 

The  response  7 (d)  will  be  real,  provided  the  spectrum  at  the  detector  is  hermi- 
tian,  and  if  that  is  the  case,  by  representing  the  cosine  as  a sum  of  two  exponential 
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functions  cos  [u  d + <t>(v)]  = {e'^d+  _f_e-‘M+  <l>W\}/2  we  can  make  a transition 

from  the  cosine  Fourier  transformation  (equation  5.25)  to  the  exponential  Fourier 
transformation. 


7(d) 


ei  [<>(£>)  + i>d\ 


d u 


(5.27) 


From  equations  5.25  and  5.27  it  is  clear  that  the  spectrum  is  the  Fourier  transform 
of  the  interferogram,  and  vice  versa.  Indeed,  taking  the  inverse  Fourier  transfor- 
mation on  both  sides  of  equation  5.27,  we  get 


eD{v)jm 


(5.28) 


Now  it  is  clear  that  if  we  measure  the  interferogram  7 (d)  and  want  to  get 
the  spectrum  &d(v)  we  may  get  the  product  of  the  spectrum  and  an  exponential 
phase  factor.  Various  precautions  must  be  taken  to  avoid  such  phase  errors.  Care 
must  be  taken  to  align  the  spectrometer  and  the  sample  properly.  On  a slow-scan 
interferometer  a check  can  be  done  by  ensuring  that  Ia  = 21^.  One  way  of  phase 
correction  is  to  multiply  the  product  obtained  from  equation  5.28  by  the  reciprocal 
exponential  function  e~1^^. 

Another  type  of  error  is  due  to  the  discrete  sampling.  Ideally  one  of  the  sampled 
points  must  be  at  the  zero  path  difference  or  white-light  position,  but  this  is 
extremely  hard  to  accomplish.  Mathematically  speaking  a discrete  sampling  is 
equivalent  to  multiplying  the  continuous  spectrum  by  a finite  sum  of  Dirac  5(d) 
functions  that  are  shifted  step-wise  with  a one-dimensional  spatial  period  of  l called 
a “shah” -function.  Therefore  a sampled  interferogram  will  be 

OO 

7 s(d)  = 7(d)  S(d  ~ jl  ~ £)• 

j= OO 


(5.29) 
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where  l is  the  sampling  interval.  Then  the  inverse  transformation  will  result  in 

2 ^ 

GdW&W  = -Y  (5.30) 

7 r L — ' 

j= oo 

Clearly  the  discrete  character  of  the  sampling  imposes  another  phase  correction 
needed  to  restore  the  spectrum 


&d(v) 


g-i[0(i>)+^] 

7T 


j — OO 


(5.31) 


Two  important  results  can  be  deducted  from  these  transformations:  the  discrete 
sampling  brings  another  phase  factor  which  must  be  taken  care  of,  and  addi- 
tionally, the  spectrum  is  rendered  periodic  which  can  lead  to  aliasing  and  folding. 

A third  unavoidable  source  of  error  is  the  finite  scanning  range  for  the  moving 
mirror.  This  inevitably  imposes  a “box-car”  (“top  hat”)  apodization,  as  if  an 
imaginary  ideal  interferogram  with  an  infinite  scanning  range  has  been  truncated 
by  multiplication  with  the  following  apodization  function 


A(x ) 


0 for  x < —L\ 

< 1 for  — L\  < x < Z/2 

0 for  x > L2 


(5.32) 


where  Lx  is  the  distance  covered  by  the  moving  mirror  on  one  side  of  the  white- 
light  position,  whereas  L2  is  the  distance  covered  by  the  moving  mirror  on  the 
other  side  of  the  white-light  position. 

Transforming  the  product  of  the  ideal  interferogram  and  the  apodization  func- 
tion is  the  reason  why  now  the  spectrum  is  actually  the  convolution  of  the  “real” 
spectrum  with  the  apodization  function.  The  Fourier  transform  of  the  boxcar 
apodization,  A(x)  is  a sinc(x)  function  [sinc(x)  = sin(x)/x.]  The  characteristic 
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width  of  the  latter  function  is  1/L2.  If  a single  sine  wave  of  wave  number  i/j  were 
convolved  with  a boxcar  apodization  characterized  by  a maximum  length  L2,  the 
resultant  spectrum  would  be  a sinc(x)  function  centered  at  vx  with  width  1/L2. 
Thus,  the  resolution  is  limited  to  Au  ~ 1/L2.  An  additional  drawback  is  that  the 
convolution  also  introduces  “ghost”  side  lobes  near  sharp  features  in  the  spectrum. 
These  side  lobes  may  be  reduced  by  multiplying  the  interferogram  by  using  a dif- 
ferent apodization  function  but  this  will  come  at  the  cost  of  a further  reduction  in 
resolution. 

5.2.2  Details  of  FT-IRS 

Further  details  on  Fourier-transform  infrared  spectroscopy  can  be  found  in  the 
three  articles  Herres  and  Gronholtz  [107,112,113],  as  well  as  in  several  specialized 
books  [105,110,111,114,115].  Some  of  the  interesting  points  covered  therein  include 

• picket  fence  effect  and  zero  filling; 

• aliasing  and  undersampling; 

• leakage,  apodization,  and  reduced  resolution; 

• phase  correction; 

• fringes,  thickness  determination,  and  elimination; 

• apodization  and  smoothing; 

• deconvolution; 

• various  types  of  interferometers  and  details  about  their  components. 
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5.3  Equipment 


5.3.1  Bruker  FT-IR  Interferometer.  Reflection  Stage. 


The  commercial  Fourier-transform  interferometer  113v  manufactured  by  Bruker 
company,  which  was  used  for  most  of  our  measurements,  is  shown  in  Figure  5.1. 
This  is  a fast-scan  instrument  which  consists  of  six  major  chambers  and  two  aux- 


II  Interferometer  Chamber 
c Optical  filter 

d Automatic  beamsplitter  changer 
e Two-side  movable  mirror 
f Control  interferometer 
g Reference  laser 
h Remote  control  alignment  mirror 


IV  Detector  Chamber 
k Near-,  mid-,  or  far-IR 
detectors 


Figure  5.1:  Schematic  diagram  of  Bruker  113v  Fourier-transform  infrared  interfer- 
ometer. The  bottom  channel  is  furnished  with  a reflection  stage  used  to  measure 
reflectance. 


iliary  used  for  switching  of  the  two  channels: 


1.  source  chamber  (bottom,  left), 


2.  interferometer  chamber 
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3.  sample  chamber 

4.  detector  chamber 

To  avoid  the  infrared  bands  of  water  vapor,  CO2,  the  spectrometer  is  evacuated 
most  of  the  time,  except  for  servicing,  changing  samples  and  alignment.  This 
instrument  has  two  symmetrical  channels.  We  have  furnished  the  bottom  channel 
with  a custom-made  reflection  stage  suitable  for  our  reflectance  measurements.  In 
the  far-infrared  a mercury  arc  lamp  is  used  as  the  source  of  light. 

5.3.2  Bolometer 

In  order  to  take  data  with  a high  signal-to-noise  ratio  we  have  used  an  external 
silicon  bolometer,  cooled  with  liquid  helium  and  pre-cooled  with  liquid  nitrogen.  A 
schematic  diagram  of  this  bolometer  is  shown  on  Figure  5.2.  Within  the  housing 
there  are  a top  dewar  for  liquid  nitrogen,  which  extends  down  into  a thermally- 
shielding  jacket  for  the  lower  dewar  which  is  for  helium.  On  the  bottom  of  the 
helium  dewar,  from  below,  the  silicon  detector  is  mounted.  Additionally,  on  the 
side  a preamplifier  is  mounted  which  picks  up  the  tiny  signals  and  saves  them  from 
the  background  noise.  There  is  window  for  the  signal  as  well  a choice  of  three 
filters. 

The  other  interferometer  that  we  have  used  is  a custom  made  slow-scan  Michel- 
son  interferometer.  This  interferometers,  as  well  as  sample-holders,  cryogenic, 
and  vacuum  equipment,  have  been  described  by  recent  graduate  students — now 
all  of  them  are  PhDs — of  Dr.  Tanner  in  their  dissertations.  Some  of  these  stu- 
dents (Mr.  Gao,  Mr.  Quijada,  Mr.  Yoon,  Ms.  Tache,  Mr.  Kumar)  also  studied 
cuprates  [116-120],  whereas  others  (Ms.  John,  Mr.  LaVeigne,  and  Mr.  Hwang) 
studied  different  materials  [121-123],  but  have  used  the  same  equipment  and  sim- 
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DEWAR,  MODEL  HD-3 

OUTLINE  SKETCH 


Figure  5.2:  Schematic  diagram  of  a silicon  bolometer,  cooled  with  liquid  helium. 
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ilar  experimental  techniques.  A reference  to  their  descriptions  allows  me  not  to 
dwell  on  such  matters  herein. 


5.4  Samples 

The  samples  we  studied  and  their  preparation  has  been  described  in  our 
papers  [124,108,125,37],  and  in  the  dissertation  of  my  collaborator  A.  Ravi 
Kumar  [120].  The  basics  of  using  laser  ablation  for  preparation  of  thin  cuprate 
films  are  given  in  the  dissertation  of  Dr.  Tache  [119]. 

For  transmittance  measurements  it  is  irrelevant  whether  the  incidence  is  onto 
the  back  surface  or  onto  the  front  surface  of  the  sample.  However,  unless  we 
are  dealing  with  a single,  flat-plate  layer,  the  reflectance  from  the  front-side  is, 
in  general  (provided  the  layers  are  not  ordered  symmetrically),  different  from  the 
back-side  reflectance. 

The  nominal  structure  of  Sample  NIST  255  is  presented  in  Figure  5.3,  which  also 
illustrates  the  sample  configuration  used  for  measurement  of  back-side  reflectance. 
In  order  to  avoid  unnecessary  complication  of  the  picture,  only  first-order  reflec- 
tions from  each  interface  are  shown  on  the  figure.  The  beam15  reflected  from  the 
back-side  of  the  sample  is  the  result  of  superposition  of  all  partial  beams  generated 
due  to  multiple-beam  interference. 

The  nominal  structure  of  Sample  NIST  256  is  presented  in  Figure  5.4,  which  also 
illustrates  the  sample  configuration  used  for  measurement  of  front-side  reflectance. 
In  order  to  avoid  unnecessary  complication  of  the  picture,  only  first-order  reflec- 
tions from  each  interface  are  shown  on  the  figure.  The  beam  reflected  from  the 
front-side  of  the  sample  is  the  result  of  superposition  of  all  partial  beams  generated 
due  to  multiple-beam  interference. 

15For  simplicity  any  beam  is  represented  with  a single  ray  denoted  by  an  arrow  which  indicates 
the  direction  of  propagation. 
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Figure  5.3:  Structure  of  Sample  NIST  255  and  its  configuration  in  back-side 
reflectance  measurements. 
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Figure  5.4:  Structure  of  Sample  NIST  256  and  its  configuration  in  front-side 
reflectance  measurements. 
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The  nominal  structure  of  Sample  NIST  256  is  presented  once  more  in  Fig- 
ure 5.5,  which  also  illustrates  the  sample  configuration  used  for  measurement  of 
transmittance.  In  order  to  avoid  unnecessary  complication  of  the  picture,  only 
first-  and  second-order  reflections  within  each  layer,  that  is,  one  reflection  from 
each  side  of  any  interface,  are  shown  on  the  figure,  and  the  picture  is  “unfolded” 
by  shifting  all  beams  after  the  reflected-back  primary  beam  to  the  left,  parallel  to 
the  interface. 

The  nominal  structure  of  Sample  NIST  73  is  presented  in  Figure  5.6,  which  also 
illustrates  the  sample  configuration  used  for  measurement  of  back-side  reflectance. 
In  order  to  avoid  unnecessary  complication  of  the  picture,  only  first-order  reflec- 
tions from  each  interface  are  shown  on  the  figure.  The  beam  reflected  from  the 
back-side  of  the  sample  is  the  result  of  superposition  of  all  partial  beams  generated 
due  to  multiple-beam  interference. 

The  nominal  structure  of  Sample  NIST  74  is  presented  in  Figure  5.7,  which  also 
illustrates  the  sample  configuration  used  for  measurement  of  front-side  reflectance. 
In  order  to  avoid  unnecessary  complication  of  the  picture,  only  first-order  reflec- 
tions from  each  interface  are  shown  on  the  figure.  The  beam  reflected  from  the 
front-side  of  the  sample  is  the  result  of  superposition  of  all  partial  beams  generated 
due  to  multiple-beam  interference. 

The  nominal  structure  of  Sample  NIST  73  is  presented  once  more  in  Figure  5.8, 
which  also  illustrates  the  sample  configuration  used  for  measurement  of  transmit- 
tance. In  order  to  avoid  unnecessary  complication  of  the  picture,  only  first-  and 
second-order  reflections  within  each  layer,  that  is,  one  reflection  from  each  side  of 
any  interface,  are  shown  on  the  figure,  and  the  picture  is  “unfolded”  by  shifting  all 
beams  after  the  reflected-back  primary  beam  to  the  left,  parallel  to  the  interface. 
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Figure  5.5:  Structure  of  Sample  NIST  256  and  its  configuration  in  transmittance 
measurements. 
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Figure  5.6:  Structure  of  Sample  NIST  73  and  its  configuration  in  back-side 
reflectance  measurements. 
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Figure  5.7:  Structure  of  Sample  NIST  74  and  its  configuration  in  front-side 
reflectance  measurements. 
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Figure  5.8:  Structure  of  Sample  NIST  73  and  its  configuration  in  transmittance 
measurements. 
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Above,  the  structure  of  any  of  the  four  YBa2Cu307_<5  samples  has  been  shown 
at  least  once,  and  every  one  of  the  three  possible  configurations  (for  measuring 
front-side  reflectance,  back-side  reflectance,  and  transmittance)  is  shown  twice, 
with  two  different  samples. 


CHAPTER  6 

TRANSMITTANCE  AND  REFLECTANCE 

6.1  Introduction 

This  chapter  includes  a description  of  our  transmittance  and  reflectance  mea- 
surements, the  experimental  data,  as  well  as  analysis  of  the  data  and  discussion  of 
the  results.  Generally,  the  reflectance  would  be  reversible  only  for  the  case  of  a sin- 
gle layer.  If  two  or  more  layers  are  present,  such  a symmetry  is  no  longer  present. 
That  is  why  we  have  measured  both  front-side1  and  back-side2  reflectance. 

We  have  measured  two  batches  of  YBa2Cu307_5  on  Si  substrates  with  buffer 
layers  of  YSZ3  and  Ce02-  This  dissertation  presents  data  taken  on  the  best4  two 
samples  from  each  batch:  Samples  NIST  255  and  NIST  256  from  the  earlier  batch, 
and  Samples  NIST  73  and  NIST  74  from  the  more  recent  batch.  The  samples 
from  the  latter  batch  had  five  layers:  SiC>2,  Si  substrate,  two  buffer  layers  (YSZ 
and  Ce02),  and  YE^CusOy-i-film.  The  samples  from  the  first  batch  had  their 
Si02  layer  removed,  and  additionally  their  buffer  layers  were  thinner,  especially 
the  YSZ  layer  whose  thickness  differed  by  an  order  of  magnitude.  The  thicker 

1 Front-side  reflectance  is  measured  with  the  incident  ray  coming  from  the  side  of  the  top  layer. 
For  Samples  NIST  255,  NIST  256,  NIST  73  and  NIST  74  the  top  layer  is  the  YBa2Cu307_5  film; 
for  Samples  NIST  02  (a  substrate  only)  and  NIST  39  (a  substrate  with  buffer  layers,  but  without 
an  YBCO  film)  the  top  layer  is  Silicon  and  Ce02,  respectively. 

2Back-side  reflectance  is  measured  with  the  incident  ray  coming  from  the  Si02  side,  or,  in 
case  the  oxide  layer  has  been  removed,  from  the  Si  side. 

3yttria-stabilized  zirconia,  i.e.,  Zr02  stabilized  with  about  5 % Y203 

4Actually,  NIST  256  was  the  second  best  match  for  NIST  255,  but  it  had  to  replace  the  former 
best  match  which  was  broken  due  to  mechanical  stress  caused  by  the  thermal  gradient  within 
the  sample  holder. 
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buffer  layers  of  the  second  batch  were  meant  to  allow  deposition  of  higher-quality 
YBa2Cu307_<5-films. 

The  transmittance  through  the  first  group  of  samples,  including  Samples 
NIST  255  and  NIST  256,  was  measured  within  the  spectral  range  from  10  to 
100  cm-1  on  a slow-scan  Michelson  interferometer,  and  the  front-side  and  back- 
side reflectance  from  these  samples  were  measured  on  a fast-scan  Bruker  interfer- 
ometer within  the  spectral  range  from  20  to  600  cm-1.  While  analyzing  the  data 
for  this  first  batch  of  samples,  we  were  concerned  with  the  low-frequency  region 
(below  100  cm-1)  only,  even  though  the  reflectance  measurements  covered  a wider 
spectral  range.  This  restriction  allowed  us  to  ignore  excitations  at  medium  or  high 
frequencies  and  simplified  our  analysis  significantly.  Concentrating  our  attention 
on  the  low-frequency  region,  we  were  able  to  use  only  one  beam-splitter  with  the 
slow-scan  Michelson  interferometer.  This  saves  a lot  of  time,  because  not  only 
the  measurements  on  our  Michelson  interferometer  last  approximately  four  times 
longer  than  respective  measurements  on  the  fast-scan  Bruker  interferometer,  but 
the  changing  and  aligning  of  the  beam  splitter  in  the  Michelson  interferometer  is 
manual,  unlike  the  computer-controlled  changes  of  beam  splitters  in  the  Bruker. 
The  beam  splitter  we  used  gradually  loses  its  efficiency  below  about  20  cm-1  or 
above  ca.  80  cm-1  which  adds  random  noise  to  the  data  in  these  two  regions, 
especially  when  the  signal  is  small.  The  noisiest  portions  of  the  transmittance 
data  have  been  removed. 

During  the  measurements  the  temperature  was  kept  fixed  at  one  of  five  different 
values:  two  corresponding  to  the  YBa2Cu307_,s  film  in  the  superconducting  state 
(10  and  50  K),  and  three  in  the  normal  state  (100,  200,  and  300  K).  Before  studying 
the  YBa2Cu307_5  films  on  Si  substrates,  we  started  with  measuring  a couple  of 
the  silicon  plates  with  neither  buffer  layers  nor  an  YBa2Cu307_{  film  deposited  on 
top.  These  measurements  on  Si  allowed  us  to  study  the  effect  of  temperature  on 
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the  optical  thickness  of  Si,  and  to  check  for  any  spectral  offsets  between  the  two 
spectrometers  we  were  using. 

The  second  batch  of  samples,  including  Samples  NIST  73  and  NIST  74,  was 
measured  on  a fast-scan  Bruker  interferometer  within  the  spectral  range  from  20 
to  600  cm-1.  The  measurements  were  done  at  all  temperatures  mentioned  above, 
and  additionally  at  20  K.  The  measurements  at  10  K and  20  K turned  out  to  be 
almost  identical,  to  within  the  experimental  uncertainty  and  background  noise. 
Later,  Si  plates  with  a thin  layer  of  Si02  on  the  bottom  side,  including  Sample 
NIST  02,  were  measured,  as  well  as  such  substrates  covered  with  the  two  buffer 
layers  of  yttria-stabilized  zirconia  and  Ce02,  including  Sample  NIST  39.  These 
measurements  of  structures  with  reduced  number  of  layers  were  meant  to  help  us 
fit  the  five-layered  structures  more  accurately — by  gradually  increasing  the  number 
of  layers  to  be  fit. 

The  thickness  of  the  YBa2Cu307_<5  films  was  about  35  nm.  Thus,  the  films  were 
quite  transparent  at  all  temperatures.  This  allowed  us  to  observe  the  interference 
fringes  associated  with  multiple  reflections  within  the  Si  substrate.  Therefore,  in 
our  analysis  of  the  data,  we  have  assumed  that  we  are  dealing  with  a thin  film 
on  a thin  substrate.  Background  information  about  the  classical  models  we  have 
used  for  fitting  of  the  transmittance  and  reflectance  of  the  samples  is  presented 
in  subsection  3.1.5.  The  Drude-Lorentz  model,  equations  3.67,  3.68,  and  3.48, 
applied  for  the  dielectric  function  of  high-temperature  superconductors  in  general, 
and  YBa2Cu307_^  in  particular,  in  the  normal  state  leads  to  equation  4.2  [23, 
p.  367]  in  which  the  contribution  of  a single  mid-infrared  oscillator  describing 
electron  transitions  is  taken  out  of  the  Lorentz  sum,  and  what  is  left  of  that  sum 
accounts  for  the  several  infrared- active  phonon  oscillators.  This  equation  can  be 
generalized  further  by  replacing  the  single  mid-infrared  term  with  a sum  of  several 
such  terms  (a  number  which  increases  from  one  to  two  or  three  with  increasing  the 
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upper  bound  of  the  studied  spectral  range).  Thus  the  Lorentz  term  is  rendered 
into  the  following  form:  describing  phonons. 
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where  Sei  is  the  oscillator  strength,  upei  the  plasma  angular  frequency,  coei  the 
central  angular  frequency,  and  rei  the  width  for  the  Ith  mid-infrared  oscillator 
describing  electronic  transitions;  similarly,  Sj  is  the  oscillator  strength,  uPj  the 
plasma  angular  frequency,  uij  the  central  angular  frequency,  and  the  width  for 
the  jth  phonon  oscillator,  respectively. 

In  the  superconducting  state,  applying  the  two-fluid  model  to  equation  4.4 
leads  to  the  following  result  for  the  dielectric  function: 
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(6.2) 


where  fs  is  the  fraction  of  superconducting  charge  carriers,  and  hence  (1  — /s)  is  the 
complementary  fraction  of  normal  charge  carriers.  The  term  with  the  (1  — /s)  factor 
is  the  Drude  contribution  of  the  normal  fluid,  whereas  the  terms  multiplied  by  fs 
are  the  contribution  of  the  superconducting  fluid  which  includes  the  Dirac  Mal- 
function. The  latter  describes  the  infinite  DC  conductivity  of  the  superconducting 
fluid.  By  substituting  formally  fs  = 0 into  equation  refE:EpsDLz2fluid  we  can 
return  to  the  Drude-Lorentz  model  for  the  normal  state. 
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For  our  earlier  results  the  Si  substrate,  which  is  transparent  in  the  far-infrared 
region  (below  400  cm-1),  was  modelled  with  a simple  refractive  index,  constant 
with  frequency,  but  with  a slight  temperature  dependence. 

Presented,  analyzed  and  discussed  within  this  chapter  are  the  measured  spectra 
and  the  fits  to  these  spectra,  the  parameters  that  were  associated  with  the  best  fits, 
the  calculated  spectral  dependencies  of  the  YBa2Cu307_,5  complex  refractive  index, 
complex  dielectric  function  and  complex  conductivity,  as  well  as  the  antireflection 
and  resonance  effects.  Since  the  second  batch  of  samples  was  measured  within  a 
wider  spectral  range,  we  had  to  include  into  our  model  not  only  the  three  mid- 
infrared  band  of  YBa2Cu307_,s,  but  also  some  of  the  well-known  phonons  in  four 
of  the  five  layers:  the  thin  Si02  layer  on  the  back  side  of  the  substrate,  the  Si 
substrate,  the  inner,  YSZ  buffer  layer,  and  the  YBa2Cu307_,5  film.  Another  reason 
requiring  that  approach  was  the  presence  of  a significantly  thicker  YSZ  buffer  layer. 
For  the  second  batch  of  samples  this  layer  was  200  nm,  compared  to  20  nm  for 
the  earlier  samples.  But  we  were  still  able  to  ignore  the  phonons  of  the  outer 
buffer  layer  of  Ce02  which  though  thicker  by  50  % than  previously  is  still  thin 
enough  and  does  not  absorb  within  the  covered  spectral  range.  However,  in  order 
to  improve  the  accuracy  of  the  fits  for  these  samples,  the  Ce02  layer  was  modelled 
by  a plain  dielectric  constant,  whereas  for  the  earlier  samples  that  layer  had  been 
ignored  totally. 

Preceding  the  results  for  the  YBa2Cu307_,5  films,  some  data  for  the  Si  sub- 
strates and  their  analysis  are  presented  below.  For  the  first  batch  of  samples,  the 
transmittance  through  a naked  Si  substrate  was  measured  at  10  K,  100  K,  and 
300  K and  the  reflectance  was  measured  at  those  three  temperatures  and  addition- 
ally at  50  K and  200  K.  For  the  more  recent  batch  of  samples,  Si  substrates  both 
without  buffer  layers  (only  with  320  nm  Si02  on  the  back  side — Sample  NIST  02) 
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and  with  buffer  layers  (Sample  NIST  39),  were  measured  at  10  K,  20  K,  50  K, 
100  K,  200  K,  and  300  K. 

It  should  be  pointed  out  that  as  a rule  at  any  fixed  temperature,  the  same 
fitting  parameters  have  been  used  for  all  three  sets  of  spectra:  transmittance, 
front-side  reflectance,  and  back-side  reflectance.5  Furthermore,  most  parameters 
were  temperature  independent.  Weak  temperature  dependencies  of  the  phonon 
oscillators  were  ignored.  Only  the  temperature  dependence  of  the  optical  thickness 
of  Si,  as  well  as  the  Drude  scattering  rate  and  the  fraction  of  the  superconducting 
electrons  in  the  YE^CusCb-^  film  were  taken  into  account. 

6.2  Measurements  of  Silicon  Substrates 
6.2.1  Naked  Silicon  Substrates 

The  transmittance  and  reflectance  of  the  Si  substrate  were  measured  at  different 
fixed  temperatures  in  order  to  evaluate  the  optical  thickness  of  Si  (the  product 
refractive  index  nsi  times  thickness  dsi  of  Si),  as  well  as  the  uncertainty  of  the 
measurements.  The  refractive  index  of  single-crystal  Si  has  been  studied  in  detail 
for  the  needs  of  the  semiconductor  industry.  In  order  to  eliminate  any  absorption 
in  the  substrate  we  have  used  intrinsic  single-crystal  Si  of  high-resistivity. 

We  have  measured  the  transmittance  through  and  reflectance  from  a bare  Si 
substrate  (whose  Si02  layer  has  been  stripped  mechanically)  Figure  6.1  presents 
the  measured  reflectance  and  transmittance  of  a Si  substrate  at  300  K.  It  can  be 
seen  clearly,  that  the  transmittance  maxima  coincide  with  the  reflectance  minima, 
as  one  would  expect.  This  fact  holds  true  for  any  fixed  temperature,  even  though 
the  curves  do  have  a temperature  dependence. 


5Several  exceptions  are  mentioned  later  and  are  specifically  designated  as  alternate  fits. 
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Figure  6.1:  Room  temperature  transmittance  through  and  reflectance  from  a Si 
substrate  whose  SiC>2  layer  has  been  removed  mechanically. 
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The  transmittance  through  a bare  Si  substrate  measured  at  10,  100  and  300  K 
is  presented  in  Figure  6.2  where  the  curves  are  overlayed  for  an  easy  comparison. 
The  same  transmittance  data,  with  the  fits  to  them,  are  shown  in  Figure  6.3. 


Figure  6.2:  Temperature  dependence  of  the  transmittance  through  a Si  substrate 
whose  Si02  layer  has  been  removed  mechanically. 

The  alignment  for  the  transmittance  configuration  is  more  straight-forward  and 
less  prone  to  inaccuracy  than  the  alignment  for  the  reflectance  configuration.  Addi- 
tionally, the  transmittance  measurement  is  free  from  the  parasitic  effect  discussed 
earlier,  and  therefore  produces  the  most  accurate  and  reliable  data.  The  envelopes 
of  the  curves  do  not  depend  on  temperature.  There  is  only  a slight  temperature 
dependence  of  the  refractive  index  of  Si  which  causes  a slight  temperature  varia- 
tion of  the  free  spectral  range  at  high  temperatures,  but  below  50  K it  is  virtually 


constant. 
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Figure  6.3:  Measured  temperature  dependence  and  fits  of  the  transmittance 
through  a Si  substrate  whose  Si02  layer  has  been  removed  mechanically. 
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In  the  case  of  a naked  Si  substrate,  however,  we  are  most  interested  in  the 
spectral  positions  of  the  fringes,  which  allow  us  to  determine  the  optical  thickness 
of  of  the  silicon  plate  and  from  it  to  derive  the  refractive  index  and  permittivity 
of  the  Si  plate.  For  such  a purpose  the  reflectance  data  are  as  good. 

The  measured  spectra  of  reflectance  from  a naked  Si  substrate,  with  the  fits  to 
them,  are  shown  in  Figure  6.4  (at  300  K,  200  K,  and  100  K)  and  Figure  6.5  (at 
50  K and  10  K). 

A thin  Si  plate  comprises  essentially  a Fabry-Perot  resonator.  Such  resonators 
are  the  subject  of  Chapter  8 and  the  related  terminology  is  introduced  therein. 
The  free  spectral  range  is  the  interval  of  some  spectral  variable,  (e.g.,  the  wave 
length,  wave  number,  frequency),  between  two  interference  maxima.  It  is  related 
to  the  optical  thickness  of  Si  by  the  equation6 

A u = (2  nsidsi)~l.  (6.3) 

And  indeed,  the  data  show  the  typical  Fabry-Perot  interference  patterns,  char- 
acterized in  our  case  with  maxima  Tmax  < 1,  minima  Tmin  ~ 0.3,  and  a free 
spectral  range  A u ~ 7 cm-1.  E.g.,  the  300  K curve  is  characterized  by  seven 
minima  within  the  spectral  range  from  25  to  75  cm_1which  gives  a free  spectral 
range  of  7.14  with  two  significant  digits. 

Even  though  the  fringe  positions  are  in  an  excellent  agreement,  the  values  of 
the  extrema  do  not  match  quite  as  well.  E.g.,  near  the  spectral  lower  and  upper 
bounds,  the  maxima  values  for  the  transmittance  vary  between  0.95  and  1.05  or 
even  more.  This  is  probably  due  to  imperfect  alignment  of  the  interferometer:  the 

6Note  that  in  the  equations  we  use  the  angular  frequency,  whereas  everywhere  in  the  plots 
we  are  dealing  with  the  spectroscopic  wave  number  v measured  in  cm-1.  The  two  quantities  are 
proportional  with  a factor  of  2nc.  In  the  plots  of  our  papers  [124,108,125,37],  due  to  the  jargon 
strongly-rooted  among  people  working  in  the  infrared  field,  the  spectroscopic  wave  number  is 
labeled  as  frequency. 
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Figure  6.4:  Measured  reflectance  from  a naked  Si  substrate  and  fits  at  three  high 
temperatures. 
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Naked  Si  at  Low  T 
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Figure  6.5:  Measured  reflectance  from  a naked  Si  substrate  and  fits  at  two  low 
temperatures. 
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Si  substrates  are  highly  transparent  in  the  far-infrared  and  therefore  the  multiple- 
beam  interference  is  very  important.  Theoretically,  the  transmittance  through 
Si  at  all  far-infrared  maxima  should  be  unity.  Thus,  a tiny  angular  deviation 
of  the  plate  with  the  reference  hole  from  axial  incidence  can  reduce  slightly  the 
background  signal  and  cause  the  transmittance  to  exceed  1.  However,  being  only 
interested  in  the  spectral  positions  of  the  fringes,  we  decided  these  early  data  of 
ours  are  good  enough  for  our  purpose. 

Additionally,  the  reflectance  minima  never  quite  reach  zero.  In  the  past  we 
had  attributed  that  fact  to  insufficient  spectral  resolution.  But  later  measure- 
ments with  higher  resolution  disproved  that  assumption.  The  root-mean-square 
difference  between  the  measured  and  the  calculated  values  gave  us  a standard 
uncertainty  of  about  0.05  in  both  the  transmittance  and  reflectance.  Based  on 
this,  the  uncertainty  was  estimated  to  be  bound  from  above  by  10  % for  any  of 
our  measurements.  Such  uncertainty  is  large  upon  comparison  to  measurements 
without  sharp  interference  fringes.  It  could  be  due  to  a variety  of  reasons:  detec- 
tor nonlinearity,  misalignment,  phase  error,  and  multiple  reflections  between  the 
sample,  windows,  and  the  beam  splitter  [111].  Luckily,  it  turned  out  that  we  have 
overestimated  our  uncertainty:  the  number  given  above  is  for  the  substrate  mea- 
surements only  and  is  caused  by  a systematic  error  about  which  we  were  unaware 
at  the  time. 

While  writing  this  dissertation,  the  repetitive  character  of  reflectance  data 
slightly  shifted  up  with  respect  to  the  fits,  as  well  as  sum  of  reflectance  and 
transmittance  exceeding  unity  prompted  me  to  reconsider  our  initial  conclusions. 
Finally,  I realized  that  some  parasitic  reflectance  is  responsible  for  these  anoma- 
lies: the  sample  holder  (with  the  backs  of  the  sample  and  the  reference  mirror 
facing  each  other)  that  we  have  been  using  is  meant  to  be  used  with  opaque  sam- 
ples; if  significant  transmittance  is  present,  the  transmitted  beam  is  reflected  back 
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from  the  rear  side  of  the  reference  mirror  and  is  recycled  through  the  sample. 
Depending  on  the  phase  of  the  parasitic  light,  it  could  lead  either  to  increased  (for 
non-absorbing  samples)  resultant  reflectance,  or  also  to  decreased  (for  absorbing 
samples)  resultant  reflectance.  Unfortunately,  this  realization  came  too  late,  but 
at  least  students  that  work  after  me  will  be  able  to  avoid  it  by  appropriately  block- 
ing this  “channel”  which  is  causing  systematic  errors.  The  more  transparent  the 
sample  is,  the  larger  this  parasitic  effect  will  be.  A simple  way  to  avoid  it  is  to  use 
a strongly  absorbing  or  dispersive  element  to  separate  optically  the  backs  of  the 
sample  and  the  reference  mirror. 

By  fitting  the  measured  reflectance7  through  a naked  Si  substrate,  we  have 
determined  the  temperature  dependence  of  the  far-infrared  refractive  index  and 
dielectric  constant  of  Si.  These  results  apply  for  the  spectral  range  from  10  to 
100  cm-1  and  are  shown  in  Table  6.1. 

Table  6.1:  Refractive  index  and  permittivity  of  Silicon  vs.  temperature,  optimized 
for  the  spectral  range  10  to  100  cm-1. 


T,  K 

nSi 

JSi) 

C-OO 

300 

3.4161 

11.67 

200 

3.40065  ± 0.00014 

11.56445  ±0.00095 

100 

3.39032  ± 0.00041 

11.4943  ±0.0028 

50 

3.38784  ± 0.00016 

11.47745  ±0.00105 

10 

3.38743  ± 0.00016 

11.47465  ± 0.00105 

All  parameters  herein  have  been  determined  by  finding  their  respective  range 

which  minimizes  x2  of  the  fits.  The  values  of  the  parameters  are  set  to  the  central 

7We  chose  the  to  use  the  reflectance  data,  because  we  had  a more  complete  set,  measured 
on  a fast-scan  instrument  at  five  temperatures  in  a six-fold  wider  spectral  range,  whereas  the 
transmittance  was  measured  on  a slow-scan  instrument  only  at  three  temperatures. 
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point  of  their  range,  and  half  of  that  range  is  specified  as  the  uncertainty.  This 
is  the  very  reason  why  the  uncertainties  occasionally  have  more  than  two  digits. 
The  number  of  digits  in  the  uncertainty  must  not  be  thought  to  imply  that  ten  to 
the  power  of  double  that  number  scan  have  been  accumulated,  as  is  common  in 
the  field  of  errors  and  uncertainty  statistics.  Rather  is  shows  both  how  “flat”  the 
bottom  of  the  y2  parabola  for  the  respective  parameter  is  and  where  that  parabola 
happens  to  be  intersected  by  a particular  measurement. 

In  order  to  determine  these  “constants”,  we  have  used  as  reference  point  the 
refractive  index  of  Si  at  300  K.  For  simplicity,  this  value  is  assumed  to  be  accu- 
rate and  therefore  no  uncertainty  is  specified  for  it.  The  refractive  index  of  Si 
has  a very  slight  frequency  dependence:  according  to  Loewenstein  et  al.  [126] 
nsi  increases  from  3.4155  at  30  cm-1,  through  3.4185  at  100  cm-1,  to  3.4200  at 
270  cm-1,  and  remains  constant  within  the  spectral  range  from  270  to  350  cm-1. 
At  275  meV  (2220  cm-1)  nsi  is  3.423  [127],  [128],  still  not  significantly  changed. 
Linear  extrapolation  of  low-wave-number  data  from  Loewenstein  et  al.  [126]  leads 
to  nsi  = 3.4145  at  10  cm-1.  Therefore,  from  10  to  100  cm-1  nsi  increases  by 
only  0.088  %.  Linear  interpolation  between  350  and  2220  cm_1gives  nsi  = 3.4204 
at  600  cm-1.  Thus,  from  10  to  600  cm-1n,gj  increases  by  only  0.17  %.  For  our 
purposes,  such  small  spectral  variations  of  nsi  can  safely  be  neglected.  Because  of 
the  above  considerations  we  have  assumed  that  the  refractive  index  of  Si  depends 
only  on  the  temperature.  Indeed,  the  100  cm-1  value  of  nsi  grows  from  3.3842  at 
1.5  K to  3.4185  at  300  K [126],  a change  of  1.0%.  This  thermal  dependence  of  nsi 
is  attributed  to  the  weak  phonon  contribution. 

Because  silicon  is  characterized  by  very  low  absorption  over  the  spectral  range 
of  our  interest,  we  can  safely  assume  that 
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Whenever  a large  number  of  fringes  is  observed  within  the  measured  spectral 
range,  even  small  variations  in  the  optical  thickness  of  Si  can  be  detected.  At 
300  K,  taking  nsi  — 3.4165  (the  average  of  the  values  at  10  and  100  cm-1  [126])  or 
£oo^  = 11.67  within  the  spectral  range  from  10  to  100  cm-1,  from  the  free  spectral 
range  we  can  determine  the  Si  thickness.  For  Sample  NIST  255  the  apparent 
thickness  of  Si  determined  from  the  transmittance,  back-side  reflectance,  and  front- 
side reflectance  data  is  205.0,  204.6,  and  203.5  gm,  respectively.  This  is  not  a 
random  variation,  and  we  believe  it  is  due  to  the  fact  that  the  interfaces  between 
the  separate  layers  are  not  sharp,  as  it  is  assumed  in  our  simple  model  and  film- 
fitting software.  While  such  considerations  would  account  for  different  effective 
thickness  of  Si  obtained  from  the  front-side  and  back-side  reflectance  data,  we 
would  expect  the  value  determined  from  the  transmittance  data  to  be  between 
the  other  two  values.  At  this  moment  we  do  not  have  a good  explanation  why 
the  observed  values  do  not  agree  with  that  expectation.  The  average  of  the  three 
values  for  the  Si  layer  thickness  of  Sample  NIST  255  is  204.37  fx m.  To  avoid 
any  misunderstanding:  the  thicknesses  mentioned  above  are  determined  from  data 
shown  later.  From  the  transmittance  shown  in  Fig.  6.2  we  can  determine  the 
thickness  of  the  blank  Si  substrate  that  we  have  measured,  which  in  general  can 
be  slightly  different. 

We  have  assumed  that  the  transmittance  is  measured  at  normal  incidence. 
Actually,  the  angles  of  incidence  vary  ±9°  due  to  divergence  of  the  beam  coming  out 
of  the  light  pipe  used  in  our  custom-built  Michelson  interferometer.  Nevertheless, 
the  relatively  high  refractive  index  of  silicon  causes  the  angle  of  refraction  to  be 
small.  Therefore,  the  change  in  the  free  spectral  range  due  to  non-normal  incidence 
is  less  than  0.5  %. 

Loewenstein  et  al.  [126]  pointed  that  lowering  the  temperature  from  300  to  0 K 
would  cause  a thermal  contraction  of  Si  by  only  2.4  x 10-3  %.  According  to  our 
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data,  the  free  spectral  range  increases  with  lowering  the  temperature.  Neglecting 
the  thermal  variation  of  Si  thickness,  we  can  confirm  that  the  refractive  index  of  Si 
decreases  as  temperature  is  lowered  which  is  caused  by  the  decreasing  contribution 
of  several  weak  infrared-active  phonons. 

6.2.2  Bufferless  Silicon  Substrates  (Sample  NIST  02) 

Recently  some  more  detailed  and  accurate  measurements  of  the  Si  substrates 
were  done  in  a wider  spectral  range  15-600  cm-1.  At  first  a bufferless  Si  substrate 
(Sample  NIST  02),  with  only  a thin  (320  nm)  SiC>2  film  on  its  back  side,  was 
measured.  The  feature  that  dominates  these  spectra  is  the  wide  oscillator  in  the 
SiC>2  layer  at  about  449  cm-1. 

6.2.2. 1 Transmittance  through  Sample  NIST  02 

The  transmittance  through  Sample  NIST  02  is  shown  in  Figures  6.6  (high 
temperature)  and  6.7  (low  temperature). 

All  calculated  curves  based  on  the  models  we  are  using  are  shown  in  black 
dotted  lines.  In  all  cases  we  found  that  our  data  measured  at  10  K and  at  20  K 
practically  almost  coincide.  The  transmittance  measurement  is  free  from  the  para- 
sitic effect  discussed  earlier,  and  therefore  produces  the  most  accurate  and  reliable 
data.  The  envelopes  of  the  curves  do  not  depend  on  temperature.  There  is  only  a 
slight  temperature  dependence  of  the  refractive  index  of  Si  which  causes  a slight 
temperature  variation  of  the  free  spectral  range  at  high  temperatures,  but  below 
50  K it  is  virtually  constant  as  the  phonons  are  mostly  “frozen” . 
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Figure  6.6:  High-temperature  transmittance  through  Sample  NIST  02:  a Si  sub- 
strate with  a thin  SiC>2  film  on  its  back  side. 
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Figure  6.7:  Low-temperature  transmittance  through  Sample  NIST  02:  a Si  sub- 
strate with  a thin  SiC>2  film  on  its  back  side. 
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6. 2. 2. 2 Front-side  reflectance  from  Sample  NIST  02 

The  front-side  reflectance  from  Sample  NIST  02  is  shown  in  Figures  6.8  (high 
temperature)  and  6.9  (low  temperature).  The  slight  shift  of  0.02  to  0.04  between 
the  measured  and  the  calculated  reflectance  curves  is  most  likely  due  to  the  para- 
sitic reflectance  mentioned  earlier. 

6. 2. 2. 3 Back-side  reflectance  from  Sample  NIST  02 

The  back-side  reflectance  from  Sample  NIST  02  is  shown  in  Figures  6.10  (high 
temperature)  and  6.11  (low  temperature). 

6. 2. 2. 4 Results  for  Sample  NIST  02  and  discussion 

Because  these  later  measurements  were  in  a wider  spectral  range,  from  20  to 
600  cm-1,  at  300  K,  we  took8  nsi  = 3.4200  which  is  exact  for  the  more  than  a half 
of  the  studied  spectral  range  (from  270  to  600  cm-1)  and  is  quite  accurate  down 
to  200  cm-1  [126],  but  is  also  a reasonably  good  approximation  for  the  spectral 
range  from  20  to  200  cm-1.  Si  does  not  absorb  in  the  far-infrared  spectral  range 
except  for  a few  very  weak  phonon  bands,  and  so  we  can  safely  assume  that  e ^ ~ 
n2Si  which  gives  at  room  temperature  = 11.6964.  Using  the  latter  value,  by 
fitting  the  spectral  positions  of  the  fringes  in  the  measured  transmittance  at  room 
temperature,  we  can  determine  the  thickness  of  the  Si  layer.  Similarly,  by  fitting 
the  spectral  positions  of  the  fringes  in  the  measured  transmittance  at  temperatures 
below  300  K,  we  determined  (ignoring  the  small  temperature  dependence  of  the 
thickness  of  Si)  the  refractive  index  of  Si  at  different  temperatures.  These  results 

8The  larger  number  of  fringes  allows  us  to  use  higher  precision,  hence  the  couple  of  extra 
digits  for  these  more  recent  measurements. 
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Figure  6.8:  Front-side  reflectance  from  Sample  NIST  02:  a Si  substrate  with  a thin 
Si02  film  on  its  back  side  at  high  temperatures. 
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Figure  6.9:  Front-side  reflectance  from  Sample  NIST  02:  a Si  substrate  with  a thin 
Si02  film  on  its  back  side  at  low  temperatures. 
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Figure  6.10:  Back-side  reflectance  from  Sample  NIST  02:  a Si  substrate  with  a 
thin  SiC>2  film  on  its  back  side  at  high  temperatures. 
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Figure  6.11:  Back-side  reflectance  from  Sample  NIST  02:  a Si  substrate  with  a 
thin  Si02  film  on  its  back  side  at  low  temperatures. 
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are  shown  in  Table  6.2,  and  were  obtained  by  modelling9  the  spectra  of  both  Sample 
NIST  02  (Si  substrate  with  a SiC>2  layer  only)  and  Sample  NIST  39  (a  substrate 
with  two  buffer  layers  whose  spectra  are  shown  next).  These  values  of  the  dielectric 
constants  are  most  suitable  for  the  spectral  range  from  about  200  to  600  cm-1. 
Because  of  the  wider  spectral  range  that  was  used  to  calculate  them,  they  have  a 
couple  of  more  significant  digits  than  the  results  shown  earlier  in  Table  6.1.  The 
room-temperature  values  have  been  used  as  a reference  point  and  so  no  uncertainty 
has  been  estimated  for  them. 

Table  6.2:  Refractive  index  and  e <*,  of  Silicon  vs.  temperature  optimized  for  the 
spectral  range  from  200  to  600  cm-1. 


T,  K 

nSi 

,(Si) 

c-oo 

300 

3.4200 

11.6964 

200 

3.4063  ± 0.00010 

11.6027  ±0.0002 

100 

3.3962  ± 0.0004 

11.5344  ±0.0007 

50 

3.3942  ± 0.0003 

11.5205  ± 0.0005 

20 

3.3938  ± 0.0003 

11.5182  ±0.0005 

10 

3.3938  ± 0.0002 

11.5181  ±0.0004 

Of  course,  our  measurements  only  give  the  optical  thickness  of  silicon.  The 
lower  precision  of  our  earlier  measurements  of  a naked  Si  substrate  allowed  us  to 
consider  its  thickness  to  be  independent  of  temperature.  Now,  however,  we  had  to 
take  into  account  the  thermal  expansion  of  silicon.  Initially,  we  tried  to  use  the 
known  values  summarized  in  some  handbooks  [129-131].  However,  we  found  that 
if  we  use  those  tabulated  values  of  the  thermal  expansion  for  Sample  NIST  02,  and 

9The  modelling  of  multi-layered  structures  was  done  using  the  program  “flmfit”  from  the 
custom  data-processing  package  created  by  Charles  Porter  and  David  Tanner. 
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derive  the  values  of  £^\  then  applying  the  latter  for  Sample  NIST  39  (considered 
next)  would  result  in  the  opposite  sign  of  the  thermal  coefficient  of  silicon.  This 
was  an  indication  that  thermal  contraction  of  the  cryostat-sample  holder  assembly 
probably  caused  a slight  misalignment  that  was  increasing  as  temperature  was  low- 
ered. Additionally,  that  contraction  resulted  in  shifting  the  spot,  that  was  being 
probed,  down  the  sample,  and  the  latter  could  be  slightly  wedged.  Faced  with  such 
inconsistencies,  we  chose  to  fit  the  spectra  of  Samples  NIST  02  and  NIST  39  in  such 
a way  that  both  samples  would  have  as  close  thermal  expansion  to  each  other  as 
possible.  Having  the  spectra  of  two  silicon  plates  at  a several  fixed  temperatures, 
one  can  in  principle  obtain  the  temperature  dependence  of  both  the  thickness  and 
the  dielectric  constant  (or  refractive  index),  except  for  the  degenerate  case  when 
the  thicknesses  of  the  two  plates  are  exactly  equal.  Unfortunately,  our  two  samples 
were  quite  close  in  thickness  and  we  were  dealing  with  the  almost  degenerate  case 
which  presented  some  additional  difficulty.  That  is  the  story  behind  the  values 
we  have  reported  in  Tables  6.2,  6.3,  and  6.5.  Table  6.3  presents  the  temperature 
dependence  of  the  apparent  thickness  of  the  Si  layer  of  Sample  NIST  02  as  deter- 
mined from  transmittance  (superscript  T),  front-side  reflectance  (superscript  7Z), 
and  back-side  reflectance  (superscript  bTZ). 

One  glance  at  Table  6.3  will  convince  you  that  at  each  temperature  the  three 
spectra  result  in  three  different  values  of  the  apparent  thickness  of  the  Si  layer,  and 
that  the  values  produced  by  fitting  the  two  reflectance  spectra  are  much  closer  to 
each  other  than  to  the  apparent  thickness  derived  from  the  transmittance  data.  We 
tentatively  attribute  that  fact  to  the  somewhat  gradual  character  of  the  transitions 
between  the  separate  layers  at  the  interface  between  them,  rather  than  the  sharp 
interfaces  that  are  implied  in  our  models  (or  possibly  to  an  effect  which  is  analogous 
to  the  Goos-Hanchen  effect  for  the  case  of  total  internal  reflection). 
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Table  6.3:  Temperature  dependence  of  the  apparent  thickness  of  the  Si  layer  of 
Sample  NIST  02  as  determined  from  transmittance  (T),  front-side  reflectance  (11), 
and  back-side  reflectance  (blZ). 


T,  K 

,(T) 

nm 

,(K) 

dsi  , nm 

-.(bn) 

*si  > nm 

300 

204111.4  ±5.6 

203799.0  ± 2.0 

203830.5  ± 7.5 

200 

204032.5  ± 2.5 

203719.0  ± 7.0 

203732.5  ± 2.5 

100 

204016.5  ± 8.5 

203708.0  ± 6.0 

203689.5  ± 3.5 

50 

203979.0  ± 3.0 

203702.5  ± 7.5 

203669.5  ± 5.5 

20 

203982.5  ± 6.5 

203700.4  ± 1.3 

203675.0  ± 6.0 

10 

203982.5  ± 7.9 

— 

203668.5  ± 6.5 

The  large  number  of  fringes  allows  us  to  determine  the  free  spectral  range  with 
a high  precision.  E.g.,  from  the  transmittance  at  300  K shown  in  Fig.  6.6  with  81.0 
minima  between  20  and  600  cm-1  we  get  a free  spectral  range  of  7.160  cm-1  with 
three  significant  digits.  Interpolation  of  the  fits  in  order  to  determine  the  spectral 
position  of  the  extrema  more  accurately  could  add  another  couple  of  digits. 

It  is  interesting  to  note  that  the  transmittance  spectrum  is  characterized  by 
a higher  finesse  than  the  front-side  and  back-side  reflectance.  Indeed,  the  trans- 
mittance curves  are  characterized  by  maxima  that  are  narrower  than  the  minima, 
whereas  for  the  reflectance  curves  the  situation  is  exactly  the  opposite. 

In  order  to  model  all  curves  measured  on  Sample  NIST  02,  we  have  taken  into 
account  one  phonon  in  each  of  the  Si  and  Si02  layers.  Initially  we  started  with  as 
many  oscillators  as  we  could  find  in  various  literature  sources  [132-134],  or  that  we 
could  approximately  derive  from  plots  [135,136].  The  calculations  matched  to  data 
taken  on  Sample  NIST  02  are  not  sensitive  to  all  of  these  phonons.  However  it  was 
possible  that  some  of  these  phonons  could  interact  with  close-in-frequency  phonons 
from  other  layers  in  structures  with  more  layers  (Samples  NIST  39,  NIST  73, 
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NIST  74),  which  are  described  later.  That  is  the  reason  why  initially  we  included 
all  phonons.  A reasonably-good  eye-ball  fit  was  used  as  a starting  point.  Because 
of  the  large  number  of  parameters  and  the  effects  of  partial  coherence,  often  the 
least-square  fitting  procedure  was  not  converging  to  a better  fit.  Therefore,  each 
parameter  was  varied  separately,  with  all  the  rest  fixed,  in  order  to  determine 
the  range  for  that  parameter  within  which  the  x2  °f  the  fit  is  minimum.  That 
parameter  was  set  to  the  middle  of  the  range  and  half  of  that  range  was  used  as 
an  estimation  for  the  uncertainty  of  that  parameter.  After  a similar  procedure 
has  been  performed  for  every  parameter,  a single  iteration  has  been  completed 
for  one  particular  spectrum  on  a specific  sample.  A lot  of  going  forth  and  back 
between  the  various  spectra  and  samples  had  to  be  done  until  the  final  values  of  the 
fitting  parameters  that  optimize  all  measured  spectra  could  be  ” distilled” . Because 
of  the  large  number  of  parameters  and  curves  for  several  samples,  the  above- 
described  fitting  procedure  was  very  slowly  converging  and  a large  number  of  such 
semi-manual  iterations  were  necessary  in  order  to  reach  the  final  results.  Those 
parameters  that  affected  the  calculated  spectra  were  varied  until  we  reached  a good 
agreement  of  the  calculated  curves  with  the  measured  data.  Other  parameters, 
mainly  those  characterizing  the  weak  phonon  bands  in  Si  to  which  data  taken  on 
Sample  NIST  02  were  insensitive,  were  adjusted  during  fitting  the  experimental 
data  taken  on  Sample  NIST  39  described  later.  Later  Occam’s  razor  was  applied 
and  we  were  left  with  only  a fraction  of  the  oscillators  with  which  we  had  started 
initially. 

The  phonon  parameters  (plasma  wave  number  upj,  central  wave  number  Uj, 
and  bandwidth  F3  of  the  jth  band)  for  Si  and  Si02  that  were  determined  in  this 
way  are  given  in  Table  6.4. 
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Table  6.4:  Si  and  Si02  Model  Parameters. 


layer 

upj,  cm  1 

i/j,  cm  1 

T),  cm  1 

Si 

10.5  ±0.2 

612.8  ±0.4 

20.4  ± 0.4 

Si02 

340  ±6 

449.1  ±2.3 

60.0  ±3.6 

For  Si02  we  have  used  a thickness10  of  dsio2  = 320  nm  and  e oo  = 2.37.  The 
latter  value  is  the  average  of  the  values  given  for  the  ordinary  and  extraordinary 
rays  by  Russell  and  Bell  [132].  Averaging  of  the  ordinary  and  extraordinary  e ^ 
corresponds  to  the  fact  that  the  Si02  layer  of  our  samples  is  amorphous  rather 
than  crystalline.  Indeed,  the  very  wide  phonon  band  centered  about  449  cm_1is  a 
clear  indication  that  the  Si02  layer  on  the  bottom  of  the  Si  substrate  is  amorphous. 
To  be  on  the  safe  side,  initially  we  had  even  included  phonon  bands  centered  at 
frequencies  exceeding  the  upper  bound  of  our  measurements  by  up  to  30%,  though 
they  are  likely  to  have  any  effect  only  if  they  are  either  centered  close  to  the 
measured  range,  and/or  are  sufficiently  wide. 

Here  we  must  note  that  because  the  absorption  of  Si02  in  the  far-infrared  is 
not  negligible,  we  should  not  use  the  approximation  given  by  equation  6.4.  Indeed, 
with  nsio2  = 2.154  (the  average  of  the  ordinary  and  extraordinary  values  2.132 
and  2.176  at  100  cm_1given  by  Loewenstein  et  al.  [126])  equation  6.4  would  lead 
us  to  the  overestimated  £^l°2^  = 4.640. 

No  temperature  dependence  of  the  fitting  parameters  characterizing  Si  and 
Si02  (except  for  the  optical  thickness  of  Si)  was  found.  For  simplicity  we  have 
ignored  the  temperature  dependence  of  the  phonon  bands.  Because  the  structures 
we  have  studied  are  complicated,  with  multiple  layers  (except  for  the  naked  Si 

10This  nominal  thickness  value  was  given  to  us  by  Leila  Vale  from  NIST  who  has  produced 
our  samples. 
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plate  and  Sample  NIST  02  which  has  only  two  layers),  such  a simplification  does 
not  seem  to  be  a problem.  Most  pronounced  are  two  broad  phonon  bands  in 
two  amorphous  layers.  We  have  dealt  with  one  of  these  two  features — widened 
by  chaotical  long-range  order — which  is  manifested  strongly  in  the  transmittance 
(Figs.  6.6  and  6.7)  and  more  weakly  in  the  front-side  reflectance  (Figs.  6.8  and  6.9) 
of  Sample  NIST  02.  The  other  broad  phonon  band  will  appear  in  the  spectra  of 
all  samples  that  have  a thick  YSZ  amorphous  layer,  starting  with  the  coming-next 
Sample  NIST  39.  The  samples  to  follow,  NIST  73  and  NIST  74,  that  have  an 
YBCO  layer,  are  characterized  furthermore  by  three  mid-infrared  bands  which  are 
also  fairly  wide.  None  of  these  broad  features  shows  a significant  temperature 
dependence  anyway. 

6.2.3  Buffered  Silicon  Substrates  (Sample  NIST  39) 

Measured  next  was  a Si  substrate  (Sample  NIST  39),  similar  to  Sample  NIST  02 
which  has  additionally  been  covered  with  the  two  buffer  layers.  Besides  the  thin 
SiC>2  film  on  its  back  side,  a YSZ,  and  CeCb  buffer  layers  were  deposited  on  its 
front  side.  The  features  that  dominate  these  spectra  are  the  two  wide  oscillators 
in  the  YSZ  layer  at  about  156  cm-1  and  181  cm-1,  as  well  as  the  wide  oscillator 
in  the  SiC>2  layer  at  about  449  cm-1  which  is  shaped  further  by  four  phonons  of 
the  YSZ  layer  that  lie  within  the  spectral  range  from  350  to  450  cm-1. 

6. 2. 3.1  Transmittance  through  Sample  NIST  39 

The  transmittance  through  Sample  NIST  39  is  shown  in  Figures  6.12  (high 
temperature)  and  6.13  (low  temperature).  As  promised,  in  these  curves  another 
wide  oscillator  due  to  the  yttria-stabilized  zirconia  layer  is  present.  Again,  it  proves 
that  this  layer  is  also  amorphous  or  at  least  somewhat  inhomogeneous.  The  purpose 
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Figure  6.12:  High-temperature  transmittance  through  Sample  NIST  39:  a Si  sub- 
strate with  a thin  Si02  film  on  its  back  side  and  a YSZ  and  Ce02  buffer  layers  on 
its  front  side. 
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Figure  6.13:  Low-temperature  transmittance  through  Sample  NIST  39:  a Si  sub- 
strate with  a thin  Si02  film  on  its  back  side  and  a YSZ  and  Ce02  buffer  layers  on 
its  front  side. 


207 


of  the  yttria-stabilized  zirconia  layer,  indeed,  is  to  compensate  some  of  the  stress 
due  to  the  lattice  mismatch  between  the  substrate  and  the  film  (and  to  prevent 
any  slow  chemical  interaction  between  an  YBCO  film  and  the  Si  substrate  which 
would  cause  premature  aging  of  the  samples).  But  the  stress  gradient  makes  this 
layer  inhomogeneous,  which,  combined  with  the  chaotic  long-range  order,  causes 
widening  of  the  oscillator  absorption  band. 

In  the  spectral  range  below  about  100  cm-1  the  top  envelope  of  the  transmit- 
tance at  300  K is  slightly  wavy.  We  believe  that  this  effect  is  due  to  the  fact  that 
accidentally  the  thicknesses  of  the  Si  layer  of  the  sample  and  the  beam  splitter  used 
within  that  spectral  range  (or  the  cryostat  window)  are  such  that  the  sample  and 
the  beam  splitter  become  coupled,  forming  a composite  Fabry-Perot  resonator. 
This  effect  is  also  present  in  the  front-side  reflectance  from  Sample  NIST  39  at 
300  K (top  panel  of  Figure  6.14)  as  well  as  in  the  back-side  reflectance  from  Sam- 
ple NIST  39  at  300  K (top  panel  of  Figure  6.16),  and  there  are  traces  of  such  an 
effect  even  at  lower  temperatures. 

6. 2. 3. 2 Front-side  reflectance  from  Sample  NIST  39 

The  front-side  reflectance  from  Sample  NIST  39  is  shown  in  Figures  6.14  (high 
temperature)  and  6.15  (low  temperature).  With  all  of  its  four  layers,  Sample 
NIST  39  is  still  quite  transparent  within  the  studied  spectral  range.  Hence,  this  is 
another  instance  for  which  there  is  some  shift  between  the  measured  data  and  the 
calculated  curves,  due  to  parasitic  reflectance. 

The  broad  band  of  the  YSZ  layer  is  not  manifested  in  the  reflectance  spec- 
tra, but  interestingly  the  presence  of  the  buffer  layers  makes  somewhat  more  pro- 
nounced the  wide  band  of  the  SiC>2  layer,  compared  to  the  reflectance  from  the 
bufferless  Sample  NIST  02  (compare  Figs.  6.14  and  6.15  to  Figs.  6.8  and  6.9, 
respectively).  In  the  spectral  range  from  about  480  to  600  cm-1  both  the  top  and 
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YSZ/CeO  /Si/SiO  at  High  T 


2 2 

Sample  NIST  39 


Figure  6.14:  Front-side  reflectance  from  Sample  NIST  39:  a Si  substrate  with  a 
thin  SiC>2  film  on  its  back  side  and  a YSZ  and  CeC>2  buffer  layers  on  its  front  side 
at  high  temperatures. 
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Figure  6.15:  Front-side  reflectance  from  Sample  NIST  39:  a Si  substrate  with  a 
thin  Si02  film  on  its  back  side  and  a YSZ  and  Ce02  buffer  layers  on  its  front  side 
at  low  temperatures. 
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bottom  envelopes  of  the  reflectance  oscillate  creating  the  impression  of  ’’hair”  and 
’’beard”  respectively.  This  effect  is  due  to  the  fact  that  accidentally  the  thicknesses 
of  the  Si  layer  of  the  sample  and  the  beam  splitter  used  within  that  spectral  range 
(or  the  cryostat  window)  are  such  that  the  sample  and  the  beam  splitter  become 
coupled,  forming  a composite  Fabry-Perot  resonator. 

6. 2. 3. 3 Back-side  reflectance  from  Sample  NIST  39 

The  back-side  reflectance  from  Sample  NIST  39  is  shown  in  Figures  6.16  (high 
temperature)  and  6.17  (low  temperature). 

The  broad  band  of  the  YSZ  layer  can  also  be  seen  in  the  back-side  reflectance 
spectra,  and  what  is  even  more  interesting  is  that  the  presence  of  the  buffer  layers 
is  acting  “similarly”  to  a photo-developer:  it  makes  visible  the  wide  band  of  the 
Si02  layer  which  was  not  at  all  discernible  in  the  back-side  reflectance  from  the 
bufferless  Sample  NIST  02  (compare  Figs.  6.16  and  6.17  to  Figs.  6.10  and  6.11, 
respectively). 

6. 2. 3. 4 Results  for  Sample  NIST  39  and  discussion 

To  model  all  curves  measured  on  Sample  NIST  39,  initially  we  had  taken  into 
account  phonons  in  all  four  layers.  For  the  Si02  and  Si  layers  we  used  the  param- 
eters determined  previously  on  Sample  NIST  02.  Of  course,  one  cannot  expect 
that  the  thicknesses  of  these  two  layers  can  be  exactly  the  same.  Nevertheless,  the 
oxide-layer  thickness  was  kept  at  its  nominal  value  for  lack  of  a better  knowledge. 

Table  6.5  presents  the  temperature  dependence  of  the  apparent  thickness  of  the 
Si  layer  of  Sample  NIST  39  as  determined  by  fitting  the  measured  transmittance 
(superscript  T),  front-side  reflectance  (superscript  77.),  and  back-side  reflectance 
(superscript  bTl). 
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YSZ/Ce02/Si/Si02  at  High  T 
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Figure  6.16:  Back-side  reflectance  from  Sample  NIST  39:  a Si  substrate  with  a 
thin  Si02  film  on  its  back  side  and  a YSZ  and  Ce02  buffer  layers  on  its  front  side 
at  high  temperatures. 
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Figure  6.17:  Back-side  reflectance  from  Sample  NIST  39:  a Si  substrate  with  a 
thin  Si02  film  on  its  back  side  and  a YSZ  and  Ce02  buffer  layers  on  its  front  side 
at  low  temperatures. 
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Table  6.5:  Temperature  dependence  of  the  apparent  thickness  of  the  Si  layer  of 
Sample  NIST  39  as  determined  from  transmittance  (T),  front-side  (1Z),  and  back- 
side reflectance  (bTZ). 


T,  K 

AT) 

dSi  , nm 

Alt) 

“Si  , nm 

AbTZ) 

“Si  i nm 

300 

204239.6  ± 32.8 

203911.5  ±7.0 

204005.0  ± 9.0 

200 

204200.6  ± 1.7 

203827.5  ±6.5 

203938.0  ±9.0 

100 

204192.5  ± 10.5 

203813.5  ±5.5 

203924.5  ± 5.5 

50 

203173.5  ± 3.5 

203814.5  ±6.5 

203910.0  ± 4.0 

20 

204174.5  ±4.0 

203823.5  ± 7.5 

203913.5  ±4.5 

10 

204184.5  ± 12.5 

203804.5  ± 8.5 

203909.0  ± 6.0 

The  thicknesses  of  the  YSZ  and  Ce02  layers  were  fixed  at  dYsz  = 350  nm 
and  dCeo2  — 20  nm,  respectively,  which  are  the  nominal  values  reported  to  us  by 
our  sample  supplier,  Leila  Vale  from  NIST.  Again,  for  these  two  new  layers  we 
started  with  as  many  parameters  as  we  could  find  in  various  literature  sources, 
e.g.  [134],  or  that  we  could  approximately  derive  from  plots  [135,136].  Then  the 
parameters  for  the  two  new  layers  were  varied  until  we  reached  a good  agreement 
of  the  calculated  curves  with  the  measured  data.  Eventually  it  became  clear  that 
all  phonon  bands  of  the  Ce02  can  be  omitted  safely,  as  this  layer  is  still  thin 
enough  and  quite  transparent  within  the  studied  spectral  range.  Therefore  Ce02 
was  modelled11  with  a plain  constant  £^e°2^  = 2.1  ± 1.6.  This  value  is  not  very 
reliable  or  conclusive,  because  the  large  uncertainty  shows  that  our  results  were  not 
sensitive  to  this  parameter.  The  respective  constant  for  YSZ  is  £^SZ)  = 2.80±0.08. 

Our  values  for  £^SZ^  and  £^e°2'>  are  significantly  lower  than  the  known  total 
far-infrared  permittivity  of  YSZ  (25)  and  Ce02  (17),  respectively  [137,138].  Com- 

11  The  only  reason  this  layer  was  not  ignored  completely  is  to  account  for  its  ’’spacer”  effect, 
which  helps  to  keep  thickness  of  the  silicon  layer  more  accurate. 
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parable  values  for  YSZ  in  the  microwave  spectral  range  which  is  adjacent  to  the 
far-infrared  are  presented  graphically  by  Grischkowsky  and  Keiding  [139].  The  dif- 
ference for  YSZ  can  be  accounted  by  the  contribution  of  the  phonon  bands  given  in 
Table  6.6.  No  similar  explanation  is  possible  for  the  CeC>2  layer,  but  as  mentioned 
before  our  data  are  quite  insensitive  to  e^e°2\ 

The  phonon  parameters  for  yttria-stabilized  zirconia  that  were  determined  as 
described  above  are  given  in  Table  6.6. 

Table  6.6:  Yttria-stabilized  zirconia  model  parameters. 


uPj , cm  1 

Uj,  cm  1 

Fj,  cm  1 

322  ±4 

155.9  ± 1.6 

86.5  ±3.5 

335.5  ±5.5 

181.4  ±2.9 

157  ± 10 

416.5  ±5.5 

349.7  ±2.0 

138.0  ±5.5 

294.5  ± 5.5 

385.0  ± 1.3 

42.0  ±2.5 

110  ±12 

400.0  ± 1.2 

16.0  ± 1.5 

407  ±5 

418.8  ± 1.5 

42.9  ± 1.8 

288.5  ± 5.5 

450.70  ± 0.45 

33.6  ±2.5 

Any  temperature  dependence  of  these  parameters  has  been  ignored  without 
causing  a significant  deviation  of  the  fits  from  the  measured  spectra.  The  wide 
oscillator  in  the  yttria-stabilized  zirconia  layer  is  an  indication  that  either  this 
layer  is  amorphous,  or  it  is  inhomogeneous  because  of  the  stress  gradient,  or  both. 

After  all  the  needed  iterations  of  the  fitting  procedure  had  been  done,  for  each 
parameter  we  had  a range  in  which  y2  (to  within  three  digits)  is  minimum,  provided 
all  the  rest  parameters  were  at  their  optimum  values.  We  set  each  parameter 
to  the  center  of  its  corresponding  range,  and  specified  half  of  that  range  as  the 
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uncertainty.  This  is  the  very  reason  why,  contrary  to  the  common12  practice,  the 
uncertainties  herein  are  often  given  with  two  or  even  more  digits,  especially  when 
the  range  in  question  happens  to  be  odd.  Therefore,  in  no  case  should  one  assume 
an  uncertainty  with  n digits  to  imply  that  102”  scans  have  been  taken.  Of  course, 
it  is  very  easy  to  round  the  numbers  in  the  end,  but  because  the  correlations  among 
some  of  the  parameters  lowering  the  precision  of  tuning  of  several  of  them  could 
affect  the  range  of  other  parameters. 

6.3  YBCO  Films  on  Buffered  Si  Substrates 

The  spectra  of  the  two  best  samples  (NIST  255  and  NIST  256)  from  the  first 
batch  of  YBa2Cu307_«5  films  on  Si  substrates  are  shown  next.13 

6.3.1  Sample  NIST  255 

6. 3. 1.1  Transmittance  through  Sample  NIST  255 

The  transmittance  of  the  first  batch  of  YBa2Cu307_a  films  on  Si  substrates 
was  measured  using  the  slow-scan  Michelson  interferometer.  The  transmittance 
through  Sample  NIST  255  is  shown  in  Figures  6.18  (at  three  temperatures  with 
YBCO  in  the  normal  state)  and  6.19  (at  two  temperatures  with  YBCO  in  the 
superconducting  state).  The  transmittance  spectra  again  show  the  typical  Fabry- 
Perot  fringes  due  to  multiple-beam  interference  within  the  Si  substrate.  The  fits 
are  in  a good  agreement  with  the  measured  data:  the  y2  is  within  0.003  in  most 

cases.  At  300  K we  can  count  7.00  minima  between  25.11  and  75.20  cm-1  and 

12  Actually,  it  seems  that  increasingly  often  the  practice  is  to  omit  the  uncertainties  as  if  their 
only  purpose  is  to  torment  undergraduate  physics-lab  students. 

13  Unfortunately,  a better  match  for  Sample  NIST  255  than  NIST  256  was  broken  due  to 
thermal  stress  before  we  had  started  using  springs  to  ensure  thermal  contact  with  the  sample 
holder. 
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Normal-State  YBCO  on  Si 

Sample  NIST  255 


Figure  6.18:  Transmittance  through  Sample  NIST  255:  an  YBa2Cu307_(5  film 
deposited  onto  a Si  substrate  with  YSZ  and  Ce02  buffer  layers,  and  with  a thin 
Si02  film  on  its  back  side,  at  three  temperatures  in  the  normal  state. 
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Superconducting-State  YBCO  on  Si 

Sample  NIST  255 


Wave  number,  cm 


Figure  6.19:  Transmittance  through  Sample  NIST  255:  an  YBa2Cu307_5  film 
deposited  onto  a Si  substrate  with  YSZ  and  Ce02  buffer  layers,  and  with  a thin 
Si02  film  on  its  back  side,  at  two  temperatures  in  the  superconducting  state. 
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hence  the  free  spectral  range  in  this  case  is  about  7.156  cm  1 with  three  significant 
digits. 


The  fringe-averaged  transmittance  is  defined  by 


*c o H-  Slj  j 2 


(6.5) 


where  T(ft)  is  the  transmittance  measured  at  angular  frequency  1?,  which  is  the 
dummy  integration  variable.  In  most  cases  the  fringe- averaged  transmittance  (or 
reflectance)  can  be  approximated  crudely  by  visualizing  a smooth  central  line 
between  the  top  and  bottom  envelope.  Such  a visualization  will  convince  you  that 
in  the  normal  state  the  fringe-averaged  transmittance  is  nearly  uniform  within 
the  covered  spectral  range  at  any  given  temperature,  but  gradually  decreases  as 
the  temperature  is  lowered.  This  decrease  in  the  transmittance  is  the  result  of 
increased  electrical  conductivity  of  the  YBa2Cu307_5  film  at  low  temperatures. 

At  any  fixed  temperature,  the  interference  pattern  is  quite  periodic  within  the 
covered  spectral  range,  but  has  a strong  temperature  dependence,  especially  in 
the  normal  state  (300,  200,  100  K):  even  though  the  values  of  the  maxima  vary 
only  slightly  with  temperature  (i.e. , the  top  envelope  does  not  have  a significant 
temperature  dependence),  the  fringe  contrast 


changes  significantly  with  temperature.  Also,  there  is  a phase  shift  of  7T  rad  between 
the  300  K and  100  K data.  It  is  manifested  in  the  fact  that  the  transmittance 
maxima  at  the  former  temperature  correspond  to  the  transmittance  minima  at 
the  latter  one.  Evidently,  in  the  case  of  Sample  NIST  255  the  phase  switch  occurs 
at  a temperature  very  close  to  200  K.  Additionally,  the  fringe  contrast  for  Sample 


(6.6) 
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NIST  255  almost  vanishes  at  200  K,  because  the  Si  substrate  acts  as  an  antireflec- 
tive  “coating”  for  the  YBa2Cu307_,5  film.  Such  a phase  shift  has  been  observed 
earlier  by  Hadni  et  al.  [140],  but  they  were  not  sure  if  it  was  real  and  hence  refrained 
from  any  explanations.  A similar  effect  can  be  observed  in  Figures  6.25  and  6.26 
for  Sample  NIST  256  at  some  temperature  between  200  and  300  K.  Furthermore, 
that  temperature  is  most  likely  about  250  K if  we  assume  that  the  temperature 
dependence  of  the  transmittance  is  roughly  linear  within  the  range  from  200  to 
300  K.  Naturally,  as  the  temperature  is  varied,  small  changes  of  the  spectral  posi- 
tions of  the  extrema  can  also  be  observed.  These  temperature  shifts  are  due  to  the 
temperature  dependence  of  the  optical  thickness  of  the  Si  substrate. 

In  the  superconducting  state,  the  fringe-averaged  transmittance  increases  with 
frequency.  The  fringe  contrast  for  the  transmittance  is  higher  at  lower  tempera- 
tures. This  can  be  explained  by  the  effect  of  optical  resonance  within  the  YBCO 
film-substrate  composite,  as  well  as  by  lower  absorptance  losses  within  the  YBCO 
film. 

Here  it  was  mentioned  briefly  how  the  antireflection  effect  affects  the  inter- 
ference pattern,  and  how  the  optical  resonance  affects  the  transmittance  fringe 
contrast  in  the  superconducting  state.  More  details  are  given  later. 

6. 3. 1.2  Results  for  NIST  255  and  discussion 

Table  6.7  presents  the  temperature  dependence  of  the  free  spectral  range 
Ais  determined  from  the  transmittance  (denoted  by  a superscript  X),  from  the 
front-side  reflectance14  (denoted  by  a superscript  TZ),  and  form  the  back-side 
reflectance  (denoted  by  a superscript  bTZ),  respectively.  Table  6.7  is  just  a show- 

14 The  parameters  corresponding  to  front-side  reflectance  and  back-side  reflectance  are  also 
included  in  this  and  many  other  tables,  even  though  the  respective  spectra  will  be  shown  later, 
after  the  transmittance  data. 
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Table  6.7:  Temperature  dependence  of  the  free  spectral  range  characterizing  the 
multiple  beam  interference  in  the  Si  substrate  of  Sample  NIST  255,  determined 
from  transmittance  (T),  front-side  reflectance  (K),  and  back-side  reflectance  (blZ). 


T,  K 

A4T\  cm  1 

A cm  1 

a4T}>  cm  1 

300 

7.16434  ± 2.6E  — 4 

7.1973  ± 3.3E  — 3 

7.17820  ±2.5£- 4 

200 

— 

7.2326  ± 5.3 E - 3 

— 

100 

7.20654  ± 8.0 E - 4 

7.267  ± 1AE  — 2 

7.22466  ± 2.8 E - 4 

50 

7.220  ± 1.6E  — 2 

— 

7.2424  ±1.1E  -2 

10 

7.1819  ± 3.3E  — 3 

— 

7.194  ± 1.1E -2 

case.  If  necessary,  such  a table  can  be  made  for  each  of  the  measured  samples.  At 
about  200  K there  is  a phase  change  related  to  the  antireflection  effect  which  will 
be  described  in  more  detail  later.  Because  of  this  antireflection  effect,  at  200  K the 
amplitude  of  the  fringes  in  the  transmittance  and  back-side  reflectance  has  almost 
vanished  and  it  is  impossible  to  get  any  reliable  value  for  the  free  spectral  range. 
The  values  at  50  K and  10  K that  should  have  been  obtained  from  reflectance  are 
also  missing  because  we  were  not  successful  with  these  measurements.  In  order  to 
determine  the  free  spectral  range  as  accurately  as  possible  the  following  procedure 
was  used:  the  “exact”  spectral  position  of  three  extrema  at  both  sides  of  the  cov- 
ered spectral  range  was  found  by  means  of  a fine  interpolation.15  on  the  fit  data16 
Then  the  free  spectral  range  was  obtained  as  the  average  of  its  values  for  the  four 
combinations  including  extrema  which  were  separated  spectrally  as  far  as  possible. 
The  uncertainty  for  some  of  the  values  is  artificially  large  (overestimated),  because 
only  four  values  have  been  averaged.  If  necessary,  this  problem  can  be  readily 

15by  the  “interp”  program  from  Dr.  Tanner’s  lab  package. 

16The  optimized  fits  have  fringes  at  the  same  spectral  positions  as  the  measured  data,  but, 
unlike  the  latter,  the  fits  are  free  of  background  noise. 
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resolved  by  using  all  nine  combinations  that  are  possible,  or  even  considering  more 
(and  even  all)  extrema  and  combinations  of  couples  among  them. 

Because  of  the  narrow  spectral  range  in  which  the  measurements  of  Sample 
NIST  255  and  the  coming-next  Sample  NIST  256  were  done,  only  the  Drude  band 
has  been  considered  for  the  normal  state  of  the  YBa2Cu307_<5  film,  that  is,  all  other 
terms  of  equation  6.2  have  been  neglected  and  besides  fs  = 0.  When  the  him  is  in 
the  superconducting  state  a Dirac  ^-function  takes  over  some  spectral  weight  from 
the  Drude  band  which  simply  means  that  in  equation  6.2  0 < fs  < 1 (the  equality 
being  only  possible  in  high-quality  bulk  samples  at  very  low  temperatures).  The 
simplicity  of  this  oscillator  model  for  the  YBa2Cu307_5  him  of  Sample  NIST  255 
and  Sample  NIST  256  is  summarized  in  Table  6.8,  where17  upj  is  the  plasma  wave 
number  of  the  jth  oscillator,  i>j  the  central  wave  number  of  the  jth  oscillator,  and 
T)  the  width  of  the  jth  oscillator,  all  three  measured  in  cm-1. 

Table  6.8:  Two  fluid  model  for  the  YBa2Cu307_,s  him  of  Samples  NIST  255  and 
NIST  256. 


Upj,  cm  1 

Uj,  cm  1 

/},  cm  1 

Band 

a(T) 

0 

0 

P(T) 

0 

r(T) 

Drude 

More  specifically,  P(T)  is  the  Drude  plasma  wave  number,  T(T)  is  nothing  else, 
but  the  Drude  scattering  rate  l/r(T)  (r(T)  is  the  Drude  relaxation  time),  and  a(T ) 
is  the  wave- number  weight  of  the  <5(o;)-function.  The  temperature  dependence  of 
these  parameters  for  Sample  NIST  255  is  presented  in  Table  6.9.  Actually,  two 

of  these  three  parameters  are  not  independent.  Indeed,  the  fraction  of  normal  or 

17The  notation  here  may  seem  to  be  an  overkill,  but  it  will  come  handy  when  models  with 
more  oscillators  are  considered  for  some  samples  that  have  been  measured  in  a wider  spectral 
range. 
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Table  6.9:  Temperature  dependence  of  the  model  parameters  for  the  YEa^On-AA-tS 
film  of  Sample  NIST  255. 


T K 

r(T),  cm”1 

a(T),  cm  1 

P(T),  cm  1 

300 

630  ± 50 

0 

7000  ± 300 

200 

448  ± 51 

0 

7000  ± 300 

100 

265  ± 11 

0 

7000  ± 300 

50 

220  ± 11 

3051  ± 131 

6300  ± 270 

10 

220  ±7 

4454  ± 191 

5400  ± 232 

superconducting  carriers  is  related  to  the  fitting  parameters  a and  /3 : 


fn(T) 


P2(T) 

a2(T)  + (32(T)' 


fs(T) 


a2(T) 

a2(T)  + /?2(T)’ 


(6.7) 


and  evidently  these  equations  meet  the  self-explanatory  condition 


fn(T)  + f,(T)  = 1.  (6.8) 

Furthermore,  because  in  superconductors  there  is  no  thermal  generation  of  quasi- 
free  charge  carriers,  the  denominators  in  equations  6.7  are  temperature  indepen- 
dent: 

ot2(T)  + (32{T ) = const  (T)  = /?2(300  K).  (6.9) 

Hence  after  /5(300  K)  has  been  determined  by  fitting  the  room-temperature  data, 
the  parameters  a and  f3  at  any  other  fixed  temperature  must  be  varied  in  a corre- 
lated manner,  so  that  the  condition  6.9  is  met  at  all  times. 

In  the  normal  state  of  YBa2Cu307_5,  both  the  scattering  rate  and  the  DC  resis- 
tivity decrease  almost  linearly  with  lowering  temperature.  Above  the  critical  tem- 
perature Tc,  the  dominating  scattering  mechanism  is  the  temperature-dependent 
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electronic  scattering.  This  is  the  reason  why  both  the  scattering  rate  and  the 
resistivity  are  characterized  by  a linear  temperature  dependence. 

For  convenience,  the  temperature  dependencies  of  the  superconducting  fluid 
fraction  and  the  DC-conductivity  for  the  YBa2Cu307_5  film  of  Sample  NIST  255, 
which  correspond  to  the  parameter  values  given  in  Table  6.9,  are  presented  in 
Table  6.10.  From  equation  3.52  we  can  derive  an  equation  for  estimation  of  the 

Table  6.10:  Temperature  dependence  of  some  transport  characteristics  for  the 
YBa2Cu307_<5  film  of  Sample  NIST  255. 


T,  K 

fs(T),  % 

&dc , (fbcm)  1 

300 

0 

1296  ± 130 

200 

0 

1823  ± 235 

100 

0 

3082  ± 226 

50 

19.0  ±.8 

oo 

10 

40.5  ± 1.7 

oo 

uncertainty  A aDc  of  the  DC-conductivity 

■ -fWFWf 

(6.10) 

6. 3. 1.3  Front-side  reflectance  from  Sample  NIST  255 

The  front-side  reflectance  from  the  two  best  samples  of  the  first  batch  are  shown 
herein.  In  spite  of  the  fact  that  Samples  NIST  255  and  NIST  256  were  the  best, 
many  of  our  front-side  and  back-side  reflectance  measurements  from  them  were 
not  very  successful.  Still  we  present  these  data  here,  because  Samples  NIST  255 
and  NIST  256  were  very  important  for  our  studies  of  two  Fabry-Perot  resonators 
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made  with  those  two  samples.  These  two  resonators  are  covered  in  Chapter  8.  For 
any  unsuccessful  measurement  the  dotted  line  on  the  plot  gives  the  predicted  or 
calculated  curve  rather  than  a fit.  Fits  were  done  only  for  the  spectra  that  we 
deemed  as  successfully  measured.  Priority  was  always  given  to  the  transmittance 
data  as  the  alignment  for  the  transmittance  configuration  is  more  straightforward 
and  reliable. 

The  reason  for  the  low  quality  of  the  earlier  data  for  reflectance  from  Sam- 
ples NIST  255  and  NIST  256  is  most  likely  human  errors  due  to  inexperience. 
Normally  we  have  two  temperature  sensors,  one  mounted  in  the  cold  finger  of  the 
cryostat  and  another  attached  to  the  sample- holder.  When  a good  thermal  contact 
between  the  cold  finger  has  been  obtained  below  nitrogen  temperatures  the  two 
sensors  differ  by  less  than  a Kelvin.  Occasionally  some  of  the  many  users  of  the 
cryostat  would  damage  the  thin  wires  of  the  sample  holder  temperature  sensor  and 
until  a replacement  diode  was  received  and  installed,  the  measurements  continued 
“blindly” , with  the  hope  that  a good  thermal  contact  had  been  obtained.  Unfor- 
tunately, evidently  this  was  not  always  the  case.  Indeed,  for  some  measurements 
there  is  almost  no  difference  between  the  reflectance  data  at  10  K and  50  K,  and 
sometimes  even  100  K.  This  is  a clear  indication  that  only  the  cold  finger  was  as 
cold  as  measured,  whereas  the  sample  was  probably  at  a much  higher  temperature. 

Attempts  were  done  to  repeat  the  unsuccessful  measurements  after  several 
months.  However,  we  found  that  the  two  samples  had  changed  their  properties. 
E.g.,  the  reflectance  of  Sample  NIST  255  was  measured  with  a delay  of  eight 
months.  At  that  time  the  measured  reflectance  in  the  superconducting  state  was 
significantly  lower  than  the  calculations  based  on  our  model  for  the  transmittance 
data.  The  properties  of  the  YBa2Cu307_j  film  are  very  sensitive  to  the  oxygen 
content.  Oxidation  of  the  films  over  a period  of  time  may  lead  to  a degradation  of 
their  superconducting  properties  which  would  lower  the  reflectance.  However,  in 
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this  particular  case  the  use  of  unsuitable  solvent  to  remove  the  glue  with  which  the 
samples  were  attached  to  the  sample  holder  for  the  previous  measurements  most 
likely  had  caused  degradation  of  the  superconducting  properties. 

The  front-side  reflectance  in  the  superconducting  state,  was  measured  for 
several  other  samples.  These  measurements  confirmed  the  expected  differences 
between  the  front-side  and  back-side  reflectance.  In  the  superconducting  state, 
the  fringe  contrast  for  the  front-side  reflectance  is  much  smaller  than  that  for  the 
back-side  reflectance. 

The  front-side  reflectance  from  Sample  NIST  255  is  shown  in  Figures  6.20  (nor- 
mal state)  and  6.21  (superconducting  state).  Evidently,  the  front-side  reflectance 
from  Sample  NIST  255,  with  YBCO  in  the  normal  state  was  measured  successfully 
which  is  not  true  for  the  superconducting  case. 

The  fringe  contrast  and  the  fringe-averaged  front-side  reflectance  are  larger  in 
comparison  with  those  for  the  back-side  reflectance.  No  antireflection  effect  can 
be  seen  at  any  of  the  temperatures  at  which  we  have  measured  the  reflectance.  In 
this  case  the  infrared  beam  coming  from  a low-optical-density  medium  (vacuum) 
is  mostly  reflected  by  the  YE^CuaCb-j  layer.  The  YBCO  layer  is  characterized 
by  the  highest  refractive  index  compared  to  vacuum  and  Si,  whereas  anti-reflecting 
effect  (admittance  matching)  is  only  possible  when  the  middle  layer  has  interme- 
diate refractive  index  compared  to  the  two  adjacent  two  media. 

6. 3. 1.4  Back-side  reflectance  from  Sample  NIST  255 

The  back-side  reflectance  from  Sample  NIST  255  is  shown  at  first  with  the 
interference  fringes  in  Figures  6.22  (normal  state)  and  6.23  (superconducting  state). 

The  fringe  contrast  and  the  fringe-averaged  back-side  reflectance  are  larger 
in  comparison  with  those  for  the  front-side  reflectance.  In  the  normal  state  it 
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Normal-State  YBCO  on  Si 

Sample  NIST  255 


Figure  6.20:  Front-side  reflectance  from  Sample  NIST  255:  an  YBa2Cu307_5  film 
on  a Si  substrate  with  YSZ  and  Ce02  buffer  layers,  and  with  a thin  Si02  film  on 
its  back  side  at  three  temperatures  in  the  normal  state. 
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Superconducting-State  YBCO  on  Si 

Sample  NIST  255 


Figure  6.21:  Front-side  reflectance  from  Sample  NIST  255:  an  YBa2Cu307_(5  film 
on  a Si  substrate  with  YSZ  and  Ce02  buffer  layers,  and  with  a thin  Si02  film  on 
its  back  side  at  two  temperatures  in  the  superconducting  state. 
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Normal-State  YBCO  on  Si 

Sample  NIST  255 


0.6 

0.4 

0.2 

0.6 

0.4 

0.2 

0.6 


0.4  - 


0.2  - 


i i i 


measured  at  300  K 
calculated 


_i L 


J i i i L 


measured  at  200  K 


j — i — i i i i i i i i ■ i 


measured  at  100  K 


% * 


0 20  40  60  80  100 

Wave  number,  cm'1 


Figure  6.22:  Back-side  reflectance  from  Sample  NIST  255:  an  YBa2Cu307_,5  film 
on  a Si  substrate  with  YSZ  and  Ce02  buffer  layers,  and  with  a thin  Si02  film  on 
its  back  side  at  three  temperatures  in  the  normal  state. 
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can  clearly  be  seen  that  antireflection  is  in  effect  at  about  200  K.  This  is  now 
possible  because  the  Si  substrate  has  intermediate  refractive  index  and  can  act 
as  an  antireflecting  coating  for  the  YBCO  layer.  This  indeed  is  the  case  at  a 
temperature  close  to  200  K where  the  Si  impedance  (admittance)  happens  to  be 
matched:  the  square  of  the  Si  wave  impedance  is  equal  to  the  product  of  the  wave 
impedances  of  YBCO  and  free  space. 

The  picture  is  complemented  by  Figure  6.24  which  shows  the  filtered  back-side 
reflectance  from  Sample  NIST  25  within  the  spectral  range  from  10  to  600  cm-1, 
including  three  curves  in  the  normal  state  and  two  curves  in  the  superconducting 
state.  The  curves  are  filtered  by  using  the  program  “fts”  (Fourier- transform 
smoothing)  which  takes  the  Fourier  transform  of  the  spectrum  to  be  smoothed,  the 
signatures  of  over-represented  fringes  can  be  isolated  and  restricted  and  the  inverse 
Fourier  transformation  produces  the  smoothed  spectrum.  As  a result  most  of  the 
fringes  are  eliminated,  and  so  the  filtered  spectrum  can  be  used  as  a convenient 
first  approximation  for  fringe  averaging. 

From  Figure  6.24  it  can  be  seen  again,  that  the  back-side  reflectance  in  the 
superconducting  state  exceeds  significantly  that  in  the  normal  state,  especially 
below  100  cm-1.  The  reflectance  increases  sharply  as  the  temperature  gets  below 
the  critical  temperature  Tc,  and  continues  to  increase  more  slowly  as  the  temper- 
ature is  reduced  further,  until  it  gets  saturated  at  temperatures  below  > 20  K. 
(The  latter  fact  was  found  from  more  recent  measurements  on  Samples  NIST  73 
and  NIST  74  from  another  batch.  Their  spectra  are  practically  the  same  at  both 
10  and  20  K.) 
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Superconducting-State  YBCO  on  Si 

Sample  NIST  255 


Wave  number,  cm 


Figure  6.23:  Back-side  reflectance  from  Sample  NIST  255:  an  YBa2Cu307_(5  film 
on  a Si  substrate  with  YSZ  and  Ce02  buffer  layers,  and  with  a thin  Si02  film  on 
its  back  side  at  three  temperatures  in  the  superconducting  state. 
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Figure  6.24:  Filtered  back-side  reflectance  from  Sample  NIST  255:  an 

YBa2Cu307_5  Aim  on  a Si  substrate  with  YSZ  and  Ce02  buffer  layers,  and  with  a 
thin  Si02  film  on  its  back  side  at  three  temperatures  in  the  normal  state. 
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6.3.2  Sample  NIST  256 

6. 3. 2.1  Transmittance  through  Sample  NIST  256 

The  measured  transmittance  through  Sample  NIST  256  and  the  corresponding 
fits  are  shown  in  Figures  6.25  (at  three  temperatures  with  YBCO  in  the  normal 
state)  and  6.26  (at  two  temperatures  with  YBCO  in  the  superconducting  state). 

As  can  be  expected,  the  transmittance  spectra  of  Sample  NIST  256  also  show 
the  typical  Fabry-Perot  fringes  due  to  multiple-beam  interference  within  the  Si 
substrate.  At  300  K we  can  count  7.00  minima  between  25.11  and  75.20  cm-1  and 
hence  the  free  spectral  range  in  this  case  is  about  7.156  cm-1  with  three  significant 
digits. 

The  transmittance  fits  at  100  and  300  K agree  well  with  the  measured  spectra. 
However,  at  200  K the  measured  transmittance,  rather  than  being  in  the  middle 
between  the  curves  at  100  K and  300  K,  is  shifted  by  about  0.05  down  along  the 
transmittance  axis  from  the  respective  fit.  We  believe  some  human  error  lead  to  a 
systematic  error  in  this  particular  case.  Most  probably,  when  measuring  the  single- 
beam spectrum  through  Sample  NIST  256,  the  sample  had  not  been  aligned  at  the 
optimum  angle,  which  resulted  in  a slight  asymmetry  between  the  incident  and  the 
reflected  beams  and  lead  to  a reduced  signal  from  the  sample.  Indeed,  boosting  the 
transmittance  measured  at  200  K by  20  % leads  to  a good  agreement  with  the  fit 
obtained  by  averaging  the  parameters  for  the  100  K and  300  K fits  (assuming  linear 
dependence  of  the  scattering  rate  and  the  DC  conductivity,  the  curve  obtained  in 
the  way  described  above  should  represent  a 200  K fit).  Unfortunately,  at  the  time 
when  we  found  this  imperfection  in  our  data,  the  sample  had  been  damaged  and 
such  a measurement  could  not  be  reproduced  on  the  same  sample. 
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Normal-State  YBCO  on  Si 

Sample  NIST  256 


Figure  6.25:  Transmittance  through  Sample  NIST  256:  an  YBa2Cu307_,5  film 
deposited  onto  a Si  substrate  with  YSZ  and  Ce02  buffer  layers,  and  with  a thin 
Si02  film  on  its  back  side,  at  three  temperatures  in  the  normal  state. 
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Superconducting-State  YBCO  on  Si 

Sample  NIST  256 


Figure  6.26:  Transmittance  through  Sample  NIST  256:  an  YE^CuaCb-s  film 
deposited  onto  a Si  substrate  with  YSZ  and  CeC>2  buffer  layers,  and  with  a thin 
SiC>2  him  on  its  back  side,  at  two  temperatures  in  the  superconducting  state. 
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6. 3. 2. 2 Results  for  Sample  NIST  256  and  discussion 

The  temperature  dependencies  of  the  parameters  a(T),  @(T ),  and  r(T)  for 
Sample  NIST  256  are  presented  in  Table  6.11.  Equations  6.7,  6.8,  and  6.9  apply 

Table  6.11:  Temperature  dependence  of  the  model  parameters  for  the 

YBa2Cu307_5  film  of  Sample  NIST  256. 


T,  K 

T(T),  cm”1 

oc(T),  cm  1 

P{T),  cm  1 

300 

635  ± 50 

0 

7300  ± 312 

200 

476  ± 54 

0 

7300  ± 312 

100 

317  ± 13 

0 

7300  ± 312 

50 

200  ± 10 

3323  ± 142 

6500  ± 278 

10 

200.0  ± 6.4 

4433  ± 190 

5800  ± 248 

for  Sample  NIST  256,  too. 

For  convenience,  the  temperature  dependencies  of  the  superconducting  fluid 
fraction  and  the  DC-conductivity  for  the  YBa2Cu307_,5  film  of  Sample  NIST  256, 
which  correspond  to  the  parameter  values  given  in  Table  6.11,  are  presented  in 
Table  6.12. 

Table  6.12:  Temperature  dependence  of  some  transport  characteristics  for  the 
YBa2Cu307_5  film  of  Sample  NIST  256. 


T,  K 

/.CO,  % 

aDC  (fhcm)  1 

300 

0 

1399  ± 139 

200 

0 

1866  ± 240 

100 

0 

2802  ± 205 

50 

20.7  ±0.9 

oo 

10 

36.9  ± 1.6 

oo 
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6. 3. 2. 3 Front-side  reflectance  from  Sample  NIST  256 

The  front-side  reflectance  from  Sample  NIST  256  is  shown  in  Figures  6.27 
(normal  state)  and  6.28  (superconducting  state).  Again  the  measurement  in 
the  normal  state  was  successful,  whereas  that  in  the  superconducting  was  not 
perfect,  but  it  still  was  better  than  the  respective  reflectance  measurement  from 
Sample  NIST  255.  Indeed,  the  low-frequency  reflectance  increases  significantly 
as  the  temperature  is  lowered,  although  not  quite  as  much  as  predicted  by  the 
parameters  of  the  transmittance  fit.  The  discrepancy  is  especially  strong  for  the 
reflectance  at  50  K. 

6. 3. 2. 4 Back-side  reflectance  from  Sample  NIST  256 

Our  measurements  of  the  back-side  reflectance  from  Sample  NIST  256  were 
not  very  successful.  The  spectra  are  shown  at  first  with  the  interference  fringes  in 
Figures  6.29  (normal  state)  and  6.30  (superconducting  state). 

The  measured  back-side  reflectance  at  10  K is  very  similar  to  that  at  50  K. 
The  maxima  of  the  calculated  spectra  are  significantly  higher,  especially  at  the 
lowest  wave  number.  These  facts  clearly  indicate  that  most  likely  the  recorded 
temperatures  did  not  correspond  to  the  actual  temperatures  of  the  sample.  Bad 
thermal  contact  to  the  colt  finger  of  the  cryostat  is  the  suspect. 

Note,  that  the  fringe  contrast  in  the  superconducting  state  of  YBCO  is  much 
higher  than  the  one  in  the  normal  state.  Similarly  to  the  transmittance  case, 
the  fringe  contrast  at  200  K is  much  smaller  in  comparison  with  that  at  100 
and  300  K.  Furthermore,  comparison  between  the  transmittance  and  back-side 
reflectance  plots  shows  that  the  frequencies  of  transmittance  maxima  coincide  with 
those  of  reflectance  minima. 
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Figure  6.27:  Front-side  reflectance  from  Sample  NIST  256:  an  YBa2Cu307_j  film 
on  a Si  substrate  with  YSZ  and  Ce02  buffer  layers,  and  with  a thin  Si02  film  on 
its  back  side  at  three  temperatures  in  the  normal  state. 
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Superconducting-State  YBCO  on  Si 

Sample  NIST  256 


Wave  number,  cm 


Figure  6.28:  Front-side  reflectance  from  Sample  NIST  256:  an  YBa2Cu307_(5  film 
on  a Si  substrate  with  YSZ  and  Ce02  buffer  layers,  and  with  a thin  Si02  film  on 
its  back  side  at  two  temperatures  in  the  superconducting  state. 
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Normal-State  YBCO  on  Si 

Sample  NIST  256 


Figure  6.29:  Back-side  reflectance  from  Sample  NIST  256:  an  YBa2Cu307_,5  film 
on  a Si  substrate  with  YSZ  and  Ce02  buffer  layers,  and  with  a thin  Si02  film  on 
its  back  side  at  three  temperatures  in  the  normal  state. 
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Superconducting-State  YBCO  on  Si 

Sample  NIST  256 


Figure  6.30:  Back-side  reflectance  from  Sample  NIST  256:  an  YBa2Cu307_5  film 
on  a Si  substrate  with  YSZ  and  Ce02  buffer  layers,  and  with  a thin  Si02  film  on 
its  back  side  at  three  temperatures  in  the  superconducting  state. 


241 


Temperature  modulation  of  the  YBa2Cu307_,5  films  on  Si  substrate  about  the 
critical  temperature  would  cause  alternation  between  the  normal  and  supercon- 
ducting states  of  the  YBa2Cu307_,5,  which  would  lead  to  a large  change  in  the 
back-side  reflectance  at  particular  frequencies.18  This  is  an  experimental  demon- 
stration of  the  fact  that  in  the  future  HTSC  films  can  be  applied  for  far-infrared 
intensity  modulation  [108]. 

It  is  evident  that  the  fringe-averaged  back-side  reflectance  is  virtually  constant 
with  frequency  in  the  normal  state,  as  well  as  above  about  150  cm-1  in  the  super- 
conducting state.  Only  when  the  frequency  is  lowered  below  the  latter  value,  the 
fringe-averaged  back-side  reflectance  increases.  Thus  150  cm-1  corresponds  to  the 
superconducting  gap.  Above  the  gap  the  fringe-averaged  back-side  reflectance  is 
essentially  constant  with  both  frequency  and  temperature. 

6.3.3  Sample  NIST  73 

Recently  some  more  detailed  measurements  on  a second  batch  of  YBa2Cu307_<5 
films  were  done  in  a wider  spectral  range  from  20  to  600  cm-1.  These  films  were 
deposited  onto  Si  substrates  that  had  a multi-layered  structure  just  like  that  of 
Sample  NIST  39:  with  the  two  buffer  layers  described  earlier  on  top  of  the  Si, 
and  a Si02  layer  on  its  back.  The  spectra  of  the  two  best  Samples  (NIST  73  and 
NIST  74)  from  this  batch  are  shown  herein.  The  features  that  dominate  these 
spectra  are  the  YBa2Cu307_5  phonon  about  270  cm-1,  the  two  wide  oscillators  in 
the  YSZ  layer  at  about  156  cm-1  and  181  cm-1,  as  well  as  the  wide  oscillator  in 
the  Si02  layer  at  about  449  cm-1  which  is  shaped  further  by  four  phonons  of  the 
YSZ  layer  that  lie  within  the  spectral  range  from  350  to  450  cm-1. 

18In  practice  it  is  easier  to  modulate  the  critical  temperature  by  current  pulses  with  magnitude 
exceeding  the  critical  current  which  is  enough  to  destroy  the  superconducting  state  temporarily, 
provided  the  sample  is  kept  below  Tc,  but  close  to  it,  practically  done  by  using  nitrogen. 
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6.3.3. 1 Transmittance  through  Sample  NIST  73 

The  transmittance  through  Sample  NIST  73  is  shown  in  Figures  6.31  (normal 
state)  and  6.32  (superconducting  state).  The  fringe-averaged  far-infrared  trans- 
mittance decreases  monotonically  as  the  temperature  is  lowered,  as  expected.  In 
the  normal  state,  this  behavior  corresponds  to  the  increasing  DC  conductivity, 
whereas  in  the  superconducting  state  it  is  due  to  the  increasing  fraction  of  the 
superconducting  fluid  (i.e.,  increasing  weight  of  the  Dirac  <5(u;)-function). 

The  far-infrared  transmittance  of  Sample  NIST  73  at  100  K is  an  example 
of  the  antireflection  effect  which  has  suppressed  the  interference  fringes  almost 
completely.  Hence  the  total  suppression  should  be  at  some  temperature  close 
above  100  K. 

In  the  narrow  spectral  range  between  380  and  400  cm-1  several  oscillators  from 
different  layers  interact  strongly,  the  phase  changes  in  a complicated  manner,  and 
the  fringes  become  somewhat  chaotic. 

6. 3. 3. 2 Results  for  Sample  NIST  73  and  discussion 

Table  6.13  presents  the  temperature  dependence  of  the  apparent  thickness  of 
the  Si  layer  of  Sample  NIST  73  as  determined  from  transmittance  (superscript 
T),  front-side  reflectance19  (superscript  TZ),  and  back-side  reflectance  (superscript 
bTZ).  The  values  marked  with  “ar”  (“abr”)  correspond  to  an  alternate  fit  optimized 
specifically  for  the  front-side  (back-side)  reflectance  summarized  in  Table  6.13  and 
described  in  more  detail  later. 

Once  again,  Table  6.13  demonstrates  that  at  each  temperature  the  three  spectra 
result  in  three  different  values  of  the  apparent  thickness  of  the  Si  layer.  However, 

19The  parameters  corresponding  to  front-side  reflectance  and  back-side  reflectance  are  also 
included  in  this  and  many  other  tables,  even  though  the  respective  spectra  will  be  shown  later, 
after  the  transmittance  data. 
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Figure  6.31:  Transmittance  through  Sample  NIST  73:  an  YBa2Cu307_,s  film 
deposited  onto  a Si  substrate  with  YSZ  and  Ce02  buffer  layers,  and  with  a thin 
Si02  film  on  its  back  side  at  three  temperatures  in  the  normal  state. 
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Superconducting-State  YBCO  on  Si 
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Figure  6.32:  Transmittance  through  Sample  NIST  73:  an  YBa2Cu307_«5  film  on 
a Si  substrate  with  YSZ  and  Ce02  buffer  layers,  and  with  a thin  Si02  film  on  its 
back  side  at  three  temperatures  in  the  superconducting  state. 
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Table  6.13:  Temperature  dependence  of  the  apparent  thickness  of  the  Si  layer  of 
Sample  NIST  73  as  determined  from  transmittance  (T),  front-side  reflectance  (77.), 
and  back-side  reflectance  (677.). 


T,  K 

,(r) 

“Si  , nm 

,(K) 

*si,  nm 

MTZ) 

dSi  nm 

300 

200451.5  ± 9.0 

198364.5  ± 10.5 

200671.0  ±5.0 

200 

200438.5  ± 8.5 

198418  ± 12 

200459.5  ± 11.5 

100 

200445.0  ± 12.0 

198527  ± 12 

200257  ± 15 

50 

200480.0  ± 4.0 

198620.0  ± 5.0 

200200  ± 13 

50 

198670  ± 10  ar 

200217.0  ± 2.5  abr 

20 

200484.5  ± 6.5 

198682.5  ± 5.5 

200174.5  ± 12.5 

20 

198740.5  ± 6.5  ar 

abr 

10 

200450.5  ± 2.5 

198685  ± 8 

200173.5  ± 6.5 

10 

198741  ± 13  ar 

abr 

for  the  case  of  Sample  NIST  73,  the  silicon  thickness  corresponding  to  the  trans- 
mittance is  within  the  range  bound  by  the  two  values  for  the  thickness  of  Si  which 
were  produced  by  fitting  the  front-side  and  back-side  reflectance,  just  as  one  can 
expect. 

To  model  all  curves  measured  on  Sample  NIST  73  and  the  coming-next  Sample 
NIST  74,  initially  we  took  into  account  phonons  in  all  five  layers,  but  later  we 
found  that  it  is  possible  to  omit  many  of  these  phonons,  including  all  phonons  of 
the  Ce02  layer.  Our  modelling  procedure  was  already  explained  when  we  described 
how  we  have  processed  the  data  for  Samples  NIST  02  and  NIST  39.  For  the  four 
layers  (Si02,  Si  substrate  and  the  two  buffer  layers)  we  used  the  parameters  deter- 
mined previously20  on  Samples  NIST  02  and  NIST  39.  For  the  YE^CuaOy^  film 
we  started  with  the  parameters  from  our  previous  studies,  using  the  Drude  model 

20  Actually,  each  fitting  iteration  was  performed  on  all  four  samples,  before  we  proceeded  with 
the  next  iteration.  Therefore  ’’previously”  must  be  regarded  to  be  just  a figure  of  speech. 
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for  the  normal  state,  and  the  two  fluid  model  for  the  superconducting  state.  In 
the  normal  state  the  Drude  relaxation  rate  decreases  linearly  as  the  temperature 
is  lowered.  In  the  superconducting  state  the  relaxation  rate  is  constant,  but  some 
of  the  Drude  quasi-free  carriers  condense  into  Cooper  pairs.  This  is  manifested  in 
reducing  of  the  spectral  weight  of  the  Drude  band  and  simultaneous  increasing  of 
the  spectral  weight  of  a Dirac  ^-function,  corresponding  to  the  condensed  (super- 
conducting) electrons.  Thus,  below  Tc,  the  fraction  of  superconducting  electrons 
increases  monotonically  as  temperature  is  lowered.  Because  of  the  wider  spectral 
range  of  these  measurements  we  added  all  three  mid-infrared  bands  reported  by 
Kamaras  et  al.  [104,141].  Next  we  added  the  five  reliably-determined  phonon  bands 
that  have  been  published  in  various  literature  sources  [142-146].  Especially  useful 
is  the  review  article  by  Feile  [147].  Then  all  parameters  for  the  YBa2Cu307_5 
layer  were  varied  until  we  reached  a good  agreement  of  the  calculated  curves  with 
the  measured  data.  The  oscillator  parameters  of  the  YBa2Cu307_<s  film  that  were 
determined  in  this  way  for  Sample  NIST  73  are  given  in  Table  6.14.  For  sim- 

Table  6.14:  YBa2Cu307_<5  Model  Parameters  for  Sample  NIST  73. 


ispj,  cm  1 

Uj , cm  1 

/),  cm  1 

Band 

a(T) 

0 

0 

<5(cu) 

m 

0 

r(T) 

Drude 

1305  ± 20 

310  ±7 

329  ± 54 

mid-IR 

4987  ± 98 

730  ± 18 

1820.5  ± 102.5 

mid-IR 

17270  ± 760 

3300  ± 80 

12605  ± 1765 

mid-IR 

425.5  ± 25.5 

270.8  ± 1.5 

16.55  ±3.35 

phonon 

638  ± 70 

351.7  ±2.1 

68  ±22 

phonon 

309.5  ± 57.5 

565.8  ±2.6 

22  ± 10 

phonon 
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plicity  we  have  ignored  both  the  asymmetry  and  the  temperature  dependence  of 
the  phonon  bands.  We  have  taken  into  account  the  effect  of  temperature  on  three 
essential  parameters,  and  their  temperature  dependence  for  Sample  NIST  73  is 
presented  in  Table  6.15.  Equations  6.7,  6.8,  and  6.9  apply  for  Sample  NIST  73, 

Table  6.15:  Temperature  dependence  of  some  model  parameters  for  the 

YBa2Cu307_(5  film  of  Sample  NIST  73. 


T K 

r(T),  cm-1 

tt(T),  cm  1 

/3(T),  cm  1 

Applicable  to 

300 

542.5  ± 3.5 

0 

5006.5  ± 19.5 

all 

200 

410.5  ±3.5 

0 

5006.5  ± 19.5 

all 

100 

273.5  ± 3.5 

0 

5006.5  ± 19.5 

all 

197.9  ±1.7 

2512.0  ± 18.5 

4330.7  ± 10.7 

T 

50 

197.9  ± 1.7 

3655  ± 43 

3421.41  ±4.05 

77 

197.9  ± 1.7 

1774.0  ± 13.5 

4681.66  ±5.15 

677 

20 

210.4  ±2.8 

2783.0  ± 24.5 

4161.7  ± 16.4 

T,  677 

20 

210.4  ±2.8 

3899.0  ± 27.5 

3140.52  ±34.15 

77 

10 

209.25  ± 1.15 

2808  ± 7 

4144.90  ± 4.75 

T,  bn 

10 

209.25  ± 1.15 

3891.0  ±50.5 

3150.4  ±62.4 

77 

too. 

For  convenience,  the  temperature  dependencies  of  the  superconducting  fluid 
fraction  and  the  DC-conductivity21  for  the  YBa2Cu307_5  film  of  Sample  NIST  73, 
which  correspond  to  the  parameter  values  given  in  Table  6.15,  are  presented  in 
Table  6.16.  The  uncertainties  in  Aa^c  of  the  DC-conductivity  reported  in 
Table  6.16  have  been  determined  by  using  equation  6.10. 

"the  DC-conductivity  a qc  was  calculated  in  the  “*.dru”  files  generated  by  the  program 
“dicalc”  from  the  custom  data-processing  package  created  by  Charles  Porter  and  David  Tanner. 
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Table  6.16:  Temperature  dependence  of  some  transport  characteristics  for  the 
YBa2Cu307_(5  film  of  Sample  NIST  73. 


T,  K 

f,(T),  % 

aDc,  (fhcm)  1 

Applicable  to 

300 

0 

770.0  ± 6.6 

all 

200 

0 

1018  ± 10 

all 

100 

0 

1527  ±21 

all 

25.18  ±0.37 

00 

T 

50 

53.30  ±0.63 

oo 

71 

12.56  ±0.19 

oo 

bTZ 

20 

30.90  ± 0.28 

oo 

T,  bn 

20 

60.65  ± 0.43 

oo 

n 

10 

41.36  ±0.16 

oo 

r,bn 

10 

60.40  ± 0.78 

oo 

n 

6. 3. 3. 3 Front-side  reflectance  from  Sample  NIST  73 

The  front-side  reflectance  from  the  two  best  Samples  (NIST  73  and  NIST  74) 
of  the  second  batch  measured  recently  are  shown  herein.  Clearly,  these  results  are 
much  better  than  the  earlier  measurements  on  Samples  NIST  255  and  NIST  256. 
The  reflectance  spectra  are  dominated  by  the  same  features  that  were  listed  for  the 
transmittance,  but  here  they  are  more  weakly  “pronounced” , and  mostly  affect  the 
bottom  envelope  of  the  curves.  The  front-side  reflectance  from  Sample  NIST  73  is 
shown  in  Figures  6.33  (normal  state)  and  6.34  (superconducting  state).  The  top 
and  bottom  envelopes  of  the  fits  generally  follow  the  shape  of  the  corresponding 
envelopes  for  the  measured  reflectance.  However,  the  top-fit  envelope  is  slightly 
higher  than  the  top-data  envelope,  and  even  more  pronounced  is  the  down  shift 
of  the  bottom-fit  envelope  with  respect  to  the  bottom-data  envelope.  These  shifts 
are  present  for  the  reflectance  spectra  at  all  temperatures,  in  both  the  normal 
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Figure  6.33:  Front-side  reflectance  from  Sample  NIST  73:  an  YBa2Cu307_5  film 
on  a Si  substrate  with  YSZ  and  Ce02  buffer  layers,  and  with  a thin  Si02  film  on 
its  back  side  at  three  temperatures  in  the  normal  state. 
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and  the  superconducting  state  of  the  YBa2Cu307_5  film.  In  part  this  higher 
amplitude22  of  the  fits  compared  to  the  measured  data  is  due  to  partial  coher- 
ence which  can  be  caused  by  small  parasitic  wedging  of  either  the  Si  substrate  or 
the  YBa2Cu307_5  film.  But  we  believe  that  some  of  it  is  due  to  the  inhomogeneity 
of  the  YBa2Cu307_5  film  along  the  normal  to  film  plane.  An  indication  leading 
to  that  conclusion  is  the  fact  that  as  the  temperature  is  lowered,  with  the  YBCO 
in  the  superconducting  state,  the  far-infrared  reflectance  from  Sample  NIST  73  is 
growing  fast,  but  the  fits  using  the  parameters  optimized  for  the  transmittance, 
are  lagging  behind,  as  can  be  seen  in  Figure  6.34  Therefore,  based  on  these  and 
other  similar  results  that  we  have,  it  can  be  argued  that  the  film  can  roughly  be 
subdivided  into  three  sub-layers:  outer — adjacent  to  the  vacuum  interface,  inner — 
adjacent  to  the  top  buffer  layer  (Ce02),  and  central— in  between  the  former  two 
transitional  sub-layers.  Thus  we  had  to  assume  that  in  the  presence  of  a super- 
conducting fluid,  the  front-side  reflectance  probes  mostly  the  outer  YBCO-film 
sub-layer  and  its  close  vicinity,  whereas  the  back-side  reflectance  probes  mostly 
the  inner  YBCO  sub-layer  and  its  close  vicinity.  The  transmittance  probes  more 
or  less  the  entire  depth  of  the  sample  without  discrimination,  and  is  thus  equivalent 
to  an  effective  averaging  of  the  parameters  characterizing  the  various  sub-layers  of 
the  film.  Thus,  for  Sample  NIST  73  the  fraction  fs  of  the  superconducting  electrons 
for  the  central  and  inner  sub-layers  of  the  YBa2Cu307_,5  film  is  lagging  behind  fs 
for  the  outer  sub-layers  as  the  temperature  is  lowered  in  the  superconducting  state. 
Therefore,  the  crudest  way  to  account  for  the  observed  discrepancies  is  to  allow 
the  values  of  fs  for  the  front-side  and  back-side  reflectance  to  be  generally  different 
than  that  for  the  transmittance  spectra  at  those  temperatures.  This  lead  as  to  the 

2 2 Here  the  term  “amplitude”  is  generalized  to  mean  half  of  the  difference  between  the  top  and 
bottom  envelopes,  and  is  a function  of  the  spectral  variable — the  wave  number. 
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Figure  6.34:  Front-side  reflectance  from  Sample  NIST  73:  an  YBa2Cu307_,5  film 
on  a Si  substrate  with  YSZ  and  Ce02  buffer  layers,  and  with  a thin  Si02  film  on 
its  back  side  at  three  temperatures  in  the  superconducting  state. 
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alternate  fits  with  parameters  optimized  specifically  for  the  front-side  reflectance 
or  back- side  reflectance. 

The  front-side  reflectance  from  Sample  NIST  73  with  alternate  fits  is  shown  in 
Figure  6.35  (superconducting  state). 

The  apparent  thickness  of  Si  corresponding  to  the  alternate  fit  optimized  specif- 
ically for  the  front-side  reflectance  are  marked  with  “ar”  in  Table  6.13.  The  three 
essential  parameters,  presented  in  Table  6.15,  correspond  to  the  alternate  fit  opti- 
mized specifically  for  the  front-side  reflectance  whenever  they  are  on  a line  marked 
with  1Z , but  not  marked  with  T . The  same  applies  for  the  two  transport  parame- 
ters given  in  Table  6.16. 

It  should  be  noted  also  that  the  far-infrared  at  100  K is  higher  than  the  fit 
(see  Figure  6.33).  We  can  call  this  effect  advancing.  The  observed  advancing 
might  imply  that  superconducting  fluctuations  begin  to  appear  even  above  the 
critical  temperature  Tc.  In  high  Tc  materials  superconducting  fluctuations  are 
known  (believed)  to  be  present  up  to  temperature  T ~ 2 Tc.  We  tried  to  model 
the  superconducting  stripes  or  islands  caused  by  such  fluctuations  in  two  different 
ways:  by  including  a premature  6(cu)-function,  or  by  considering  two  Drude  bands 
with  different  scattering  rate.  In  both  attempts  the  iterations  converged  to  the 
original  fit.  But  using  either  of  these  two  approaches,  it  is  possible  to  obtain  a fit 
that  is  visually  more  pleasing  even  though  it  has  a higher  x2-  It  seems  the  reason 
for  that  is  the  problem  with  partial  coherence  which  causes  the  amplitude  of  the 
fits  to  be  higher  compared  to  that  of  the  measured  data.  This  can  cause  the  much 
wider  spectral  range  above  the  pseudogap  to  dominate  the  x2-parameter  of  the 
fits. 

As  the  temperature  is  lowered,  it  seems  that  the  superconducting  state  initially 
appears  about  some  imaginary  surface  (ideally  a plane)  which  is  likely  to  be  within 
the  middle  sub-layer.  We  can  call  it  nucleating  surface.  The  position  of  that  sur- 
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Figure  6.35:  Front-side  reflectance  from  Sample  NIST  73:  an  YBa2Cu307_5  film 
on  a Si  substrate  with  YSZ  and  Ce02  buffer  layers,  and  with  a thin  Si02  film  on 
its  back  side  at  three  temperatures  in  the  superconducting  state. 
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face  may  vary  from  sample  to  sample  due  to  the  manufacturing  conditions  which 
can  differ  even  for  samples  from  the  same  batch  which  were  in  different  locations 
within  the  reactor.  Because  of  the  observed  advancing  of  the  reflectance  from  Sam- 
ple NIST  73,  for  that  particular  sample  the  nucleating  surface  must  be  much  closer 
to  the  outer  sub-layer  than  to  the  inner  sub-layer.  As  the  temperature  is  lowered 
below  Tc,  two  demarcation  surfaces  (ideally  two  parallel  planes)  separating  the 
superconducting  and  normal  state  (with  possibly  some  fluctuations)  “march” , one 
of  them  inward,  deeper  into  the  cuprate  film,  and  the  other  outward  towards  the 
free  surface,  until  almost  the  entire  film  is  already  superconducting  at  temperatures 
below  some  temperature  between  50  K and  20  K,  most  likely  closer  to  20  K.  With 
data  at  50,  20,  and  10  K,  we  can  safely  conclude  only  that  the  of  the  supercon- 
ducting fluid  reaches  saturation  below  about  20  K.  The  demarcation  planes  have 
a higher  temperature  speed  dx/dT  within  the  central  sub-layer,  but  are  gradually 
“slowed”  down  as  they  enter  the  outer  or  inner  layer,  respectively,  where  they  meet 
a higher  “resistance” . Thus,  the  superconducting  transition  within  the  central  sub- 
layer is  sharp  similarly  to  the  bulk  case,  but  the  superconducting  transition  of  the 
outer  sub-layer  and/or  inner  sub-layer  may  be  spread  within  a wide  temperature 
range,  even  though  the  transition  in  each  differentially-thin  sub-sub-layer  is  sharp 
as  usual. 

Indeed,  the  alternate  fitting  parameters  for  the  front-side  reflectance  imply  that 
below  100  K or  even  below  some  temperature  exceeding  100  K,  the  outer  sub-layer 
of  the  YBCO  film  always  has  a higher  density  of  the  superfluid  than  the  rest  of  the 
film,  whereas  the  alternate  fitting  parameters  for  the  back-side  reflectance  (covered 
in  the  next  subsubsection)  imply  that  the  inner-most  sub-layer  of  the  YBCO  film 
at  50  K has  a lower  density  of  the  superfluid  than  the  rest  of  the  film,  but  at  about 
20  K the  inner-most  sub-layer  has  an  average  superfluid  density. 
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As  can  be  seen  in  Table  6.16,  at  50  K the  front-side  reflectance,  transmittance, 
and  back-side  reflectance,  are  best  fit  by  the  highest  (0.533),  intermediate  (0.252), 
and  lowest  (0.126)  value  of  f3,  respectively.  At  20  K the  transmittance  and  back- 
side reflectance  share  the  same  fs  = 0.309,  whereas  the  front-side  reflectance  can 
be  fit  well  with  fs  = 0.606.  And  finally,  at  10  K the  transmittance  and  back-side 
reflectance  share  the  same  fs  = 0.414,  whereas  the  front-side  reflectance  can  be  fit 
well  with  fs  = 0.604. 

Furthermore,  at  100  K the  transmittance  and  back-side  reflectance  can  be  fit 
well  with  fs  = 0,  but  visually  the  front-side  reflectance  requires  a non-zero  value 
(fs  = 0.126)  in  order  to  model  the  far-infrared  increase.  Because  the  latter  visual 
fit  is  not  supported  by  the  x2  criterion,  we  have  not  presented  it  herein. 

A more  refined  approach  for  handling  the  above  issues  was  suggested  to  me  by 
Dr.  Zhuomin  Zhang  (personal  communication):  rather  than  artificially  assigning 
different  parameters  of  the  YBCO  layer  for  transmittance,  front-side  and  back-side 
reflectance,  one  can  substitute  the  monotonic  variation  of  the  film’s  properties  as 
a function  of  depth  with  an  effective  step  function,  that  is  one  can  represent  the 
film  by  two  (or  three)  sub-layers,  outer,  (middle),  and  inner,  characterized  by 
different  effective  superfluid  densities.  Naturally,  this  introduces  one  (two)  sub- 
layer thickness(es)  as  additional  parameters,  and  so  this  approach  was  not  used. 

6. 3. 3. 4 Back-side  reflectance  from  Sample  NIST  73 

The  back-side  reflectance  from  Sample  NIST  73  is  shown  in  Figures  6.36  (nor- 
mal state)  and  6.37  (superconducting  state).  The  prominent  features  affect 
both  the  top  and  the  bottom  envelopes,  making  the  curves  almost  symmetric  with 
respect  to  the  fringe-averaged  central  line.23 

23If  one  were  to  imagine  that  the  curves  are  rotated  clockwise  by  90deg,  one  would  be  able 
to  see  nice  artistic  “vases”.  They  could  be  interpreted  to  be  symbolizing  that  our  research  was 
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Figure  6.36:  Back-side  reflectance  from  Sample  NIST  73:  an  YBa2Cu307_j  film 
on  a Si  substrate  with  YSZ  and  Ce02  buffer  layers,  and  with  a thin  Si02  film  on 
its  back  side  at  three  temperatures  in  the  normal  state. 
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The  curve  measured  at  100  K shows  the  far-infrared  antireflection  effect,  and 
the  curve  at  200  K is  close  to  having  the  antireflection  effect  within  the  spec- 
tral range  from  160  to  380  cm-1.  The  far-infrared  back-side  reflectance  increases 
sharply  in  the  superconducting  state,  as  expected. 

6.3.4  Sample  NIST  74 

6. 3. 4.1  Transmittance  through  Sample  NIST  74 

The  transmittance  through  Sample  NIST  74  is  shown  in  Figures  6.38  (normal 
state)  and  6.39  (superconducting  state).  The  transmittance  through  Sample 
NIST  74  is  very  similar  in  its  general  appearance  to  that  of  Sample  NIST  73 
(compare  Figures  6.38  and  6.39  to  Figures  6.31  and  6.32,  respectively.  One  major 
exception  is  that  for  Sample  NIST  74  the  far-infrared  antireflection  effect  is  at  a 
temperature  close  to  and  below  200  K,  rather  than  close  to  and  above  100  K as 
was  observed  for  Sample  NIST  73.  Additionally,  Sample  NIST  74  is  characterized 
by  antireflection  effect  within  the  spectral  range  from  160  to  360  cm_1at  some 
temperature  close  to  300  K.  A similar  spectral  shift  of  the  antireflection  effect 
with  temperature  should  be  present  for  Sample  NIST  73,  too.  The  respective 
temperature  does  not  seem  to  be  very  close  to  200  K,  though  the  presence  of  some 
shrinking  in  the  difference  between  the  top  and  bottom  envelope  for  the  spectral 
range  from  160  to  360  cm-1  implies  that  the  antireflection  effect  for  that  spectral 
range  may  be  either  above  200  K (e.g.,  from  230  to  240  K),  or  below  200  K (e.g., 
from  160  to  170  K). 


done  under  the  hat  of  the  College  of  Liberal  Arts  and  Sciences. 
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Figure  6.37:  Back-side  reflectance  from  Sample  NIST  73:  an  YBa2Cu307_5  film 
on  a Si  substrate  with  YSZ  and  Ce02  buffer  layers,  and  with  a thin  Si02  film  on 
its  back  side  at  three  temperatures  in  the  superconducting  state. 
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Figure  6.38:  Transmittance  through  Sample  NIST  74:  an  YBa2Cu307_(5  film  on 
a Si  substrate  with  YSZ  and  Ce02  buffer  layers,  and  with  a thin  Si02  film  on  its 
back  side  at  three  temperatures  in  the  normal  state. 
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Figure  6.39:  Transmittance  through  Sample  NIST  74:  an  YBa2Cu307_5  film  on 
a Si  substrate  with  YSZ  and  Ce02  buffer  layers,  and  with  a thin  Si02  film  on  its 
back  side  at  three  temperatures  in  the  superconducting  state. 
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6. 3. 4. 2 Results  for  Sample  NIST  74  and  discussion 

Table  6.17  presents  the  temperature  dependence  of  the  apparent  thickness  of 
the  Si  layer  of  Sample  NIST  74  as  determined  from  transmittance  (superscript 
T),  front-side  reflectance24  (superscript  71),  and  back-side  reflectance  (superscript 
bTZ).  The  values  marked  with  “ar”  (“abr”)  correspond  to  an  alternate  fit  optimized 
specifically  for  the  front-side  (back-side)  reflectance,  respectively,  summarized  in 
Table  6.19,  and  described  in  more  detail  later. 

Table  6.17:  Temperature  dependence  of  the  apparent  thickness  of  the  Si  layer  of 
Sample  NIST  74  as  determined  from  transmittance  (T),  front-side  reflectance  ( TZ ), 
and  back-side  reflectance  (bTZ). 


T,  K 

,(T) 

d>si  > nm 

An) 

d>Si',  nm 

,(bK) 

“Si  nm 

300 

202142.0  ± 18.5 

202125.5  ±6.5 

202204.5  ± 10.0 

200 

201982.0  ± 10.0 

202052.0  ± 8.0 

202102.0  ±3.0 

100 

201917.5  ± 12.5 

202034.0  ± 5.0 

202027.5  ± 15.5 

50 

201913.0  ±9.0 

202032.5  ± 5.5 

202018.0  ± 24.0 

50 

201993.5  ± 11.5  ar 

202050.5  ± 11.5  abr 

20 

201913.5  ±2.5 

202024.0  ± 11.0 

201993.5  ±8.5 

20 

201985.2  ± 4.0  ar 

202016.0  ± 12.0  abr 

10 

201911.5  ±9.5 

202021.0  ±7.0 

201984.0  ± 11.0 

10 

201981.0  ±8.0  ar 

202004.0  ± 7.0  abr 

Once  again,  Table  6.17  demonstrates  that  at  each  temperature  the  three  spectra 
result  in  three  different  values  of  the  apparent  thickness  of  the  Si  layer.  For  the 
case  of  Sample  NIST  74,  the  silicon  thickness  corresponding  to  the  transmittance 
is  within  the  range  bound  by  the  other  two  values  for  the  thickness  of  Si  only  at 

24The  parameters  corresponding  to  front-side  reflectance  and  back-side  reflectance  from  Sample 
NIST  73  are  also  included  in  this  table. 
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300  K.  However,  at  all  lower  temperatures  the  silicon  thickness  corresponding  to 
the  transmittance  is  the  lowest  of  the  three  values  which  seems  to  be  anomalous 
and  is  probably  due  to  slight  misalignment  due  to  the  temperature  gradient  in  the 
sample  holder. 

The  oscillator  model  parameters  for  the  YBa2Cu307_,5  film  of  Sample  NIST  74 
are  given  in  Table  6.18. 

Table  6.18:  YBa2Cu307_,5  Model  Parameters  for  Sample  NIST  74. 


uPj,  cm  1 

Uj,  cm  1 

/},  cm  1 

Band 

a(T) 

0 

0 

6(u) 

P(T) 

0 

r(T) 

Drude 

1716  ± 70 

261  ± 19 

343.5  ± 46.5 

mid-IR 

5451  ±115 

719.5  ±22.5 

1736  ± 79 

mid-IR 

21126  ± 808 

3241.5  ± 16.5 

10319  ± 1058 

mid-IR 

515.5  ±52.5 

269.95  ± 0.95 

15.05  ± 3.55 

phonon 

653.5  ± 85.5 

349.65  ±4.15 

47.75  ± 12.25 

phonon 

302  ± 75 

564.55  ±3.15 

18.1  ±7.3 

phonon 

For  convenience,  the  temperature  dependencies  of  the  superconducting  fluid 
fraction  and  the  DC-conductivity  for  the  YBa2Cu307_,5  film  of  Sample  NIST  74, 
which  correspond  to  the  parameter  values  given  in  Table  6.19,  are  presented  in 
Table  6.20.  Equations  6.7,  6.8,  and  6.9  apply  for  Sample  NIST  74,  too. 

For  convenience,  the  temperature  dependencies  of  the  superconducting  fluid 
fraction  and  the  DC-conductivity  for  the  YBa2Cu307_,5  film  of  Sample  NIST  74 
are  presented  in  Figure  6.20. 


263 


Table  6.19:  Temperature  dependence  of  some  model  parameters  for  the 

YBa2Cu307_,5  film  of  Sample  NIST  74. 


T,  K 

r(T),  cm"1 

a(T),  cm  1 

0(T),  cm  1 

Applicable  to 

300 

563.5  ±4.5 

0 

6094.5  ± 18.5 

all 

200 

403.35  ±3.15 

0 

6094.5  ± 18.5 

all 

100 

250.75  ± 3.05 

0 

6094.5  ± 18.5 

all 

196.2  ±3.8 

3582.0  ± 43.5 

4930.7  ±31.6 

T 

50 

196.2  ±3.8 

2474  ± 84 

5569.8  ± 37.3 

n 

196.2  ±3.8 

1841  ± 71 

5809.8  ± 22.5 

bTZ 

206.3  ± 1.3 

3911.0  ± 11.5 

4674.08  ± 9.65 

T 

20 

206.3  ± 1.3 

2759  ± 50 

5434  ± 25 

n 

206.3  ± 1.3 

3001  ± 2 

5304.42  ± 1.15 

bn 

207.95  ± 4.75 

3946  ± 42 

4644.6  ± 35.7 

T 

10 

207.95  ±4.75 

3053.0  ± 45.5 

5274.7  ±26.3 

n 

207.95  ± 4.75 

2914.0  ±27.5 

5352.7  ± 14.9 

bn 
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Table  6.20:  Temperature  dependence  of  some  transport  characteristics  for  the 
YBa2Cu307_(s  film  of  Sample  NIST  74. 


T,  K 

fs(T),  % 

aDC,  (O-cm)  1 

Applicable  to 

300 

0 

1099  ± 10 

all 

200 

0 

1535 ± 14 

all 

100 

0 

2469  ± 32 

all 

34.54  ± 0.84 

oo 

T 

50 

16.48  ± 1.12 

00 

n 

9.13  ±0.70 

oo 

bn 

41.18  ±0.24 

oo 

T 

20 

24.247  ± 0.032 

oo 

n 

20.49  ±0.74 

oo 

bn 

41.92  ±0.89 

00 

T 

10 

25.09  ± 0.75 

oo 

n 

22.86  ± 0.43 

oo 

bn 
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6. 3. 4. 3 Front-side  reflectance  from  Sample  NIST  74 

The  front-side  reflectance  through  Sample  NIST  74  is  shown  in  Figures  6.40 
(normal  state)  and  6.41  (superconducting  state).  Here  the  fit  at  300  K with 
parameters  optimized  for  the  transmittance,  is  shifted  up  from  the  measured  data 
by  about  0.1.  As  the  temperature  is  decreased  the  corresponding  up-shift  of  the 
fit  decreases  The  far-infrared  up-shift  in  the  superconducting  state  is  another 
story:  it  seems  to  imply  that  the  outer  YB CO-sub-layer  of  Sample  NIST  74  has 
worse  superconducting  properties  than  the  central  sub-layer,  whereas  for  Sample 
NIST  73  we  observed  exactly  the  opposite:  the  outer  sub-layer  seemed  to  have 
better  superconducting  properties  than  the  central  sub-layer  (compare  Figure  6.41 
to  Figure  6.34. 

The  front-side  reflectance  from  Sample  NIST  74  with  alternate  fits  is  shown  in 
Figure  6.42  (superconducting  state). 

The  apparent  thickness  of  Si  corresponding  to  the  alternate  fit  optimized  specif- 
ically for  the  front-side  reflectance  are  marked  with  “ar”  in  Table  6.17.  The  three 
essential  parameters,  presented  in  Table  6.19,  correspond  to  the  alternate  fit  opti- 
mized specifically  for  the  front-side  reflectance  whenever  they  are  on  a line  marked 
with  TZ,  but  not  marked  with  T.  The  same  applies  for  the  two  transport  parame- 
ters given  in  Table  6.20. 

It  should  be  noted  also  that  the  far-infrared  reflectance  is  depressed  compaxed 
to  the  fit  at  all  six  temperatures  (see  Figures  6.40  and  6.41).  This  seems  to  be 
the  opposite  effect  to  what  we  called  advancing  superconducting  transition,  and  so 
we  can  call  this  effect  retarding  superconducting  transition.  The  observed  retard- 
ing might  imply  that  the  outer  sub-layer  is  “dead”  and  presents  a much  higher 
temperature  “resistance”  to  the  outer  demarcation  plane.  Because  of  the  observed 
retarding  in  the  reflectance  from  Sample  NIST  74,  for  that  particular  sample  the 


Normal-State  YBCO  on  Si 

Sample  NIST  74 


0.9 

0.6 

0.3 

0.0 

0 

0.9 

o 

c 

03 

■ i 

0.6 

I # 

o 

0 

4— 

0.3 

0 

0.0 

0.9 

0.6 

0.3 

0.0 

measured  at  300  K 
fit 


iiil 

, I .1.  i l 1 » ■ « ■ 1 • ■ » « 1 l_ 

■ ■ ■ i 

. 

measureu  at  zuu  r\ 

| 

III 

. . . i 

■ ■ ■ ■ i ■ ■ ■ ■ i 

1 \wm 

mi  ! 

* ' 

_1_  ± _l 1 1 1 1 1 1 1 ■ 1 1 1 1 ■ 

l J |!| 

: 1 1!  1 111 » 1 

i i i i 1 i i i i L 

measured  at  100 

K 

_i i i i 1 i i i i 1 ■ ■ ■ i l 

iillijjjil 

I ! Hi; 

1 

• '•  ..  ' H 

• V.  H ^ % S 

P|!|!P|I 

■ ■ ■ l 

0 100  200  300  400  500  600 

Wave  number,  cm’1 


Figure  6.40:  Front-side  reflectance  from  Sample  NIST  74:  an  YBa2Cu307_,5  film 
on  a Si  substrate  with  YSZ  and  Ce02  buffer  layers,  and  with  a thin  Si02  film  on 
its  back  side  at  three  temperatures  in  the  normal  state. 
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Figure  6.41:  Front-side  reflectance  from  Sample  NIST  74:  an  YBa2Cu307_5  film 
on  a Si  substrate  with  YSZ  and  Ce02  buffer  layers,  and  with  a thin  Si02  film  on 
its  back  side  at  three  temperatures  in  the  superconducting  state. 
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Figure  6.42:  Front-side  reflectance  from  Sample  NIST  73:  an  YBa2Cu307_(j  film 
on  a Si  substrate  with  YSZ  and  Ce02  buffer  layers,  and  with  a thin  Si02  film  on 
its  back  side  at  three  temperatures  in  the  superconducting  state. 
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nucleating  surface  must  be  much  closer  to  the  inner  sub-layer  than  to  the  outer 
sub-layer. 

Indeed,  the  alternate  fitting  parameters  for  the  front-side  reflectance  imply  that 
below  100  K or  more,  the  outer  sub-layer  of  the  YBCO  film  always  has  a lower 
density  of  the  superfluid  than  the  central  sub-layer  of  the  film,  just  as  the  alternate 
fitting  parameters  for  the  back-side  reflectance  (covered  in  the  next  subsubsection) 
imply  that  the  inner-most  sub-layer  of  the  YBCO  film  at  all  superconducting-state 
temperatures  also  has  a lower  density  of  the  superfluid  than  the  central  sub-layer 
of  the  film. 

As  can  be  seen  in  Table  6.20,  at  50  K the  transmittance,  front-side  reflectance, 
and  back-side  reflectance,  are  best  fit  by  the  highest  (0.345),  intermediate  (0.165), 
and  lowest  (0.0913)  value  of  fs , respectively.  At  20  K the  transmittance,  front-side 
reflectance,  and  back-side  reflectance,  are  best  fit  by  the  highest  (0.412),  interme- 
diate (0.243),  and  lowest  (0.205)  value  of  fs,  respectively.  And  finally,  at  10  K the 
transmittance,  front-side  reflectance,  and  back-side  reflectance,  are  best  fit  by  the 
highest  (0.419),  intermediate  (0.251),  and  lowest  (0.229)  value  of  fs,  respectively. 

6. 3. 4. 4 Back-side  reflectance  from  Sample  NIST  74 

The  back-side  reflectance  through  Sample  NIST  74  is  shown  in  Figures  6.43 
(normal  state)  and  6.44  (superconducting  state).  Qualitatively,  these  back-side 
reflectance  spectra  are  very  similar  to  those  of  Sample  NIST  73.  But  the  fits  with 
parameters  optimized  for  the  transmittance  are  not  quite  as  good  in  this  case.  This 
is  an  indication  that  the  inner  sub-layer  of  this  sample  differs  more  significantly 
from  the  central  one  than  is  the  case  for  sample  NIST  73.  Notably,  the  far- 
infrared  back-side  reflectance  from  Sample  NIST  74  at  50  K is  significantly  lower 
than  the  calculated  with  parameters  optimized  for  the  transmittance.  At  all  the 
three  temperatures  with  YBCO  in  the  superconducting  state,  the  fits  amplitude 
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Figure  6.43:  Back-side  reflectance  from  Sample  NIST  74:  an  YBa2Cu307_,5  film 
on  a Si  substrate  with  YSZ  and  Ce02  buffer  layers,  and  with  a thin  Si02  film  on 
its  back  side  at  three  temperatures  in  the  normal  state. 
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Figure  6.44:  Back-side  reflectance  from  Sample  NIST  74:  a YBa2Cu307_,5  film  on 
a Si  substrate  with  YSZ  and  Ce02  buffer  layers,  and  with  a thin  Si02  film  on  its 
back  side  at  three  temperatures  in  the  superconducting  state. 
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significantly  exceeds  the  amplitude  of  the  measured  spectrum  in  the  spectral  range 
below  360  cm-1.  The  difference  in  these  amplitudes  decreases  somewhat  as  the 
temperature  is  lowered. 

6.4  Analysis  of  the  Transmittance 
and  Reflectance 

The  fact,  that  the  far-infrared  wavelengths  are  roughly  comparable  to  the  Si 
substrate  thickness,  explains  the  presence  of  interference  fringes  in  our  spectra. 
The  thin  YBa2Cu307_,5  films  (35  nm)  we  have  used  are  transparent  enough  in  the 
far-infrared  spectral  range,  so  that  the  fringes  due  to  multiple-beam  interference 
within  the  Si  substrate  are  there  not  only  for  measurements  of  “naked”  substrates, 
but  also  in  the  spectra  of  YE^CuaOy.^  film-substrate  composites. 

6.4.1  Fitting  Procedure 

The  most  important  facts  about  the  fitting  procedure  have  already  been  men- 
tioned as  the  various  spectra  were  presented  and  described.  Here  some  more  detail 
will  be  added. 

The  multi-layered  samples  that  we  have  measured  were  described  in  the  previ- 
ous chapter.  Various  methods  for  calculating  the  optical  properties  of  such  struc- 
tures exist,  some  of  which  are  presented  in  sections  3.2  and  3.4.  My  collaborator 
A.  Ravi  Kumar  [120]  has  used  the  matrix  method  for  some  of  his  calculations.  I 
have  processed  our  data  using  custom-made  software  by  Charles  Porter  that  can  be 
found  on  Dr.  David  Tanner’s  web-page  at  www. uf 1 . phys . edu/~  tanner/  (click 
on  “Data  analysis  programs”).  The  package  includes  a film-fitting  program  “flm- 
fit”  based  on  the  method  of  P.  Rouard:  assuming  downward  incidence,  the  bottom 
two  layers  are  replaced  by  one  effective  layer,  and  by  iterating  the  same  procedure 
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from  the  bottom  layer  to  the  top  one,  the  multi-layered  case  is  reduced  to  the 
simple  plate-in-a-medium  problem. 

The  result  of  the  calculation  is  the  complex  refractive  index  which  allows  cal- 
culation of  either  transmittance  or  reflectance.  The  calculated  curves  can  be  com- 
pared to  the  measured  spectra.  The  fitting  procedure  involves  an  appropriate 
modelling  of  the  optical  properties  of  each  individual  layer.  The  model  parameters 
for  all  layers  are  varied  until  the  root-mean-square  difference  from  the  measured 
spectrum  is  minimized.  The  spectrum  calculated  with  the  parameters,  optimized 
in  this  way,  is  the  best  fit.  Naturally,  the  optimized  parameters  that  correspond  to 
the  best  fit,  characterize  the  optical  properties  of  the  whole  multi-layered  structure, 
and  a specific  subset  of  those  parameters  characterizes  each  individual  layer. 

As  a first  approximation,  dielectric  layers  with  low  absorption  within  the  spec- 
tral range  of  interest  are  modelled  by  a simple  real  dielectric  constant  and  thickness. 
The  spectra  might  indicate  also  the  presence  of  phonons  which  are  accounted  for 
by  Lorentz  oscillators.  Summing  the  contribution  of  all  oscillators  gives  the  com- 
plex dielectric  function  of  the  particular  layer  from  which  the  complex  refractive 
index  can  be  calculated.  For  layers  with  “free”  charge  carriers,  a Drude  term  must 
be  added  to  the  Lorentz  ones.  With  these  assumptions  the  complex  refractive 
index  for  each  layer  can  be  calculated.  The  latter,  together  with  the  respective 
layer  thickness  serve  as  feeding  information  for  the  Rouard’s  iterative  procedure 
mentioned  in  sections  3.4.2  and  3.4.3. 

Since  our  earlier  measurements  covered  a narrower  spectral  range  from  10  to 
100  cm-1,  we  were  able  to  ignore  the  two  thin  dielectric  layers  used  as  buffers, 
namely  CeC>2,  and  yttria-stabilized  zirconia.  These  substances  are  characterized  by 
a very  weak  absorption  in  the  far-infrared  spectral  range,  and  besides  the  thickest  of 
the  layers  (yttria-stabilized  zirconia)  was  only  20  nm.  In  the  far-infrared  and  short- 
wave microwave  spectral  range  the  dielectric  constants  of  yttria-stabilized  zirconia 
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and  Ce02  are  25  and  17,  respectively  [138,139].  Thus,  we  found  that  the  presence  of 
the  SiC>2,  yttria-stabilized  zirconia,  and  Ce02  layers  has  no  detectable  effect  on  the 
calculated  transmittance  and  reflectance  for  the  case  of  our  earlier  measurements. 
Therefore,  we  were  ignoring  those  layers,  which  reduced  the  problem  to  a two- 
layered structure:  a thin  YBa2Cu307_5  film  on  a thin  Si  substrate. 

Because  the  alignment  of  the  transmittance  configuration  is  much  less  demand- 
ing than  that  of  the  reflectance  configuration,  the  transmittance  data  are  always 
more  reliable  than  the  reflectance  data.  Additionally,  for  our  earlier  measurements, 
the  transmittance  spectra  (taken  on  the  Michelson  interferometer)  have  a better 
spectral  resolution  than  the  reflectance  spectra  (taken  on  the  Bruker  interferom- 
eter). This  is  especially  important  for  spectra  with  sharp  interference  features. 
Finally,  we  recently  realized  that  when  a sample  is  characterized  by  a significant 
transmittance,  the  sample  holder  for  reflectance  measurements  in  the  Bruker  inter- 
ferometer allows  some  parasitic  light  to  be  reflected  from  the  back  of  the  reference 
mirror.  The  recycled  parasitic  light  takes  part  in  the  multiple  beam  interference 
within  the  Si  substrate,  and  will  lead  to  shifting  the  reflectance  data  up  or  down, 
depending  on  the  phase  of  the  parasitic  light.  Therefore,  we  always  start  by  fit- 
ting the  transmittance  spectra.  Of  course,  the  model  parameters  were  also  tested 
with  the  front-side  and  back-side  reflectance  data  whenever  such  were  available 
and  deemed  reliable. 

The  normal  state  of  YBa2Cu307_,5  was  modelled  using  the  Drude-Lorentz 
model.  The  relatively  weak  effect  of  the  Lorentz  term  in  the  far-infrared  spec- 
tral range  allows  the  use  of  a single  oscillator.  My  collaborator  Dr.  Kumar  used  as 
a starting  point  the  values  for  the  parameters  recommended  by  Zhang  et  al.  [148]: 
u je  = 1800  cm-1,  u)pe  = 18000  cm-1,  and  ye  = 5400  cm-1.  Since  in  the  far-infrared 
spectral  range  u <C  uie,  this  mid-infrared  band  leads  to  an  essentially  real  dielectric 
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constant 

EL  ~ (^pe / ) (6.11) 

Not  only  its  effect  within  the  spectral  range  from  10  to  100  cm-1  is  very  weak, 
but  it  is  quite  insensitive  to  the  specific  values  for  the  parameters,  too.  E.g., 
Dr.  Kumar  found  that  the  following  set  of  Lorentz  parameters  u>e  = 1800  cm-1, 
upe  = 24150  cm-1,  and  qe  = 7500  cm-1  [149],  does  not  lead  to  any  significant 
changes  in  the  transmittance  and  reflectance  spectra. 

The  plasma  frequency  LUpe  was  determined  by  fitting  the  room-temperature 
data.  The  square  of  plasma  frequency  is  proportional  to  the  total  “free”  electron 
density  (see  equation  3.40),  or  the  DC  conductivity(see  equation  3.52),  and  for 
superconductors  is  typically  constant  with  temperature  [104,141,25].  Therefore, 
for  spectra  at  other  temperatures  in  the  normal  state  of  YBa2Cu307_^,  only  the 
scattering  rate  is  used  as  an  adjustable  parameter. 

In  the  superconducting  state  of  YBa2Cu307_5,  the  fraction  of  superconducting 
electrons  fs  is  added  as  another  adjustable  parameter  along  with  the  scattering 
rate  1/r.  Because  unlike  the  semiconductor  case,  in  superconductors  there  are 
generally  no  thermally  generated  charge  carriers,  the  Drude  and  5-function  plasma 
frequencies  added  in  quadrature  should  be  equal  to  the  square  of  the  normal  state 
plasma  frequency. 

The  “free”  carriers  in  the  normal  state  of  YBa2Cu307_j  are  accounted  for  by 
the  Drude  term.  Its  adjustable  parameters  are  the  plasma  frequency  ujp  (or  DC 
conductivity  (Jdc)-,  and  the  scattering  rate,  i.e.,  the  inverse  relaxation  time  1/r  for 
the  carriers.  Varying  the  fitting  parameters  has  shown  that  the  optical  properties 
depend  much  more  strongly  on  <7dc,  rather  than  on  1/r.  This  implies  that  our 
values  for  the  scattering  rate  have  a larger  uncertainty  compared  to  that  for  the 
DC  conductivity. 
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When  the  root-mean-square  difference  is  not  very  sensitive  to  the  parameters, 
one  can  also  use  the  differences  in  the  fringe- averaged  transmittance  and  the  peak 
transmittance  in  order  to  determine  the  best  fit. 

In  order  to  improve  the  quality  of  the  YBa2Cu307_,5  film,  the  later  batch  of 
samples  that  we  have  measured  had  thicker  buffer  layers  than  those  for  the  earlier 
batch.  The  Ce02  layer  was  twice  thicker  and  the  yttria-stabilized  zirconia  layer  was 
about  an  order  of  magnitude  thicker  than  those  in  the  earlier  samples.  Additionally, 
our  more  recent  measurements  were  done  in  a wider  spectral  range  from  20  to 
600  cm-1.  As  a consequence  of  these  facts,  we  found  that  the  above  mentioned 
simplification  was  not  justifiable  any  more.  Initially  we  had  to  include  a number 
of  phonons  within  all  five  layers  into  consideration.  Later  it  turned  out  that  our 
data  are  not  sensitive  to  all  of  them  and  many  of  them  were  dropped,  including  all 
phonons  for  the  Ce02  layer.  Each  of  the  phonons  that  were  left  is  characterized 
by  its  central  wave  number  iq,  its  plasma  wave  number  i>pJ , and  its  linewidth  f:/ . 
All  of  these  parameters  are  summarized  in  Tables  in  the  preceding  subsections. 

6.4.2  Transmittance 

For  comparison  the  most  essential  fitting  parameters  for  both  sample  films 
from  our  earlier  measurements  are  shown  in  Table  6.21.  The  values  presented 
in  the  table  are  derived  from  the  transmittance  measurements  which  we  deem  as 
most  reliable  and  representative.  Indeed,  the  alignment  for  transmittance  is  less 
critical  and  therefore  is  not  as  prone  to  errors.  Furthermore,  the  normal  incidence 
makes  these  measurements  much  less  sensitive  to  the  effects  of  partial  coherence 
which  have  been  described  by  e.g.,  Zhang  [150]  and  others.  In  the  table  head  the 
critical  temperature  Tc,  the  Drude  plasma  frequency  ujp , and  the  thickness  dSt  of 
the  Si  substrate  are  listed.  The  thermal  expansion  of  Si  is  negligible  and  has  been 
ignored  during  the  analysis  of  our  earlier  measurements.  Any  effect  it  might  have, 
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has  been  “absorbed”  by  the  refractive  index  of  Si  that  we  have  used.  Given  in 

Table  6.21:  Essential  parameters  characterizing  Samples  NIST  255  and  NIST  256. 
Estimated  maximum  uncertainties:  0.03  % in  nSt , 10  % in  11  % in  r-1,  and 
15  % in  fs. 


Sample  NIST  255 

Sample  NIST  256 

Tc  = 81.5  ±0.2 

K 

Tc  = 80.2  ± 0.2 

K 

lup  = 7000  ± 100 

cm-1 

ujp  = 7300  ± 100 

cm-1 

dSi  = 203.7  ±0.1 

/rm 

dSi  = 205.3  ±0.1 

fim 

T, 

nSi 

-i 

°DCi 

Vg 

fs 

-i 

aDCi 

Vg 

fs 

(K) 

(^fi-cm) 

(cm-1) 

(fiCl- cm) 

(cm-1) 

300 

3.416 

771.6 

630 

0 

714.8 

635 

0 

200 

3.401 

548.5 

448 

0 

535.9 

476 

0 

100 

3.391 

324.5 

265 

0 

356.9 

317 

0 

50 

3.386 

0 

220 

0.190 

0 

200 

0.207 

10 

3.386 

0 

220 

0.405 

0 

200 

0.369 

the  table  body  is  the  temperature  dependence  of  the  refractive  index  nsi  of  Si  and 
three  parameters  characterizing  the  YBa2Cu307_5  him:  the  DC  conductivity  a 
the  Drude  scattering  rate  1/r,  and  the  fraction  fs  of  superconducting  electrons. 

The  difference  in  the  respective  values  for  the  two  samples  may  be  caused  by 
slight  variations  in  the  film  deposition  conditions  at  different  locations  within  the 
deposition  chamber. 

In  the  superconducting  state,  only  the  temperature-independent  scattering  due 
to  impurities  and  lattice  defects  remains  [149].  Thus,  the  corresponding  scattering 
rate  should  be  constant  at  low  temperatures.  And  eventually  we  obtained  the  best 
agreement  between  the  measured  and  calculated  transmittance  for  both  samples 
with  the  same  scattering  rate  at  50  K and  10  K.  Bonn  et  al.  [151]  have  shown 
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that  due  to  the  rapid  reduction  of  the  density  of  thermally  activated  quasiparti- 
cles, as  the  temperature  is  reduced  below  Tc,  the  scattering  rate  of  YBa2Cu307_,$ 
decreases  drastically.  Even  though  their  results  are  for  single-crystal  YBa2Cu307_,5 
of  extremely  high  quality  (with  fs  < 1 at  very  low  temperatures),  we  expect  they 
should  also  apply  for  thin  YBa2Cu307_,5  films. 

For  the  case  of  thin  YBa2Cu307_,5  films,  there  is  a large  fraction  (/„  = 1 — fs) 
of  normal-state  electrons  even  at  the  lowest  temperatures.  Conversely,  for  conven- 
tional superconductors  or  bulk  high-Tc  superconductors,  fn  is  zero  at  temperatures 
T « Tc.  The  definition  of  fs  for  high-temperature-superconducting  materials  can 
be  quite  ambiguous.  Some  researchers  have  obtained  higher  values  for  fs  by  assum- 
ing that  a portion  (known  as  “dead”  layer)  of  the  YBa2Cu307_j  film  is  not  super- 
conducting [41,140].  For  our  earlier  measurements,  the  fraction  of  superconducting 
electrons  is  calculated  without  the  assumption  that  a “dead”  layer  is  present.  This 
is  one  of  the  reasons  why  our  values  of  fs  are  small.  Another  reason  might  be  the 
higher  DC  resistivity  1/ctdc  of  YBa2Cu307_«5  films  in  the  normal  state.  The  DC 
resistivity  of  such  films  is  affected  strongly  by  the  choice  of  the  substrate  and  buffer 
layers,  as  well  as  by  the  thicknesses  of  all  the  layers  [152].  The  damage  caused  by 
the  stripping  procedure  which  is  part  of  the  sample  preparation  technique  may 
have  reduced  fs  further. 

Finally,  Sample  NIST  255  had  a slightly  higher  critical  temperature  than  Sam- 
ple NIST  256,  and  at  10  K is  the  former  sample  had  a slightly  higher  fraction 
of  superconducting  electrons  than  the  latter  sample.  Furthermore,  in  the  normal 
state  Sample  NIST  255  had  a higher  electrical  resistivity  than  Sample  NIST  256. 
All  of  these  facts  are  in  agreement,  confirming  that  Sample  NIST  255  has  an  edge 
over  Sample  NIST  256  as  far  as  the  superconducting  characteristics  are  concerned. 

A similar  comparison  can  be  made  for  Samples  NIST  73  and  NIST  74.  The 
detailed  results  for  these  two  samples  were  presented  earlier.  Here,  for  the  purpose 
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of  comparison  only  the  most  essential  fitting  parameters  for  both  sample  films 
from  our  more  recent  measurements  are  juxtaposed  in  Table  6.22.  All  values 
presented  in  the  table  are  determined  from  the  transmittance  measurements  which 
we  deem  as  most  reliable  and  accurate.  In  the  table  head  the  Drude  plasma 
frequency  up  and  the  thickness  d$i  of  the  Si  substrate  at  300  K are  listed.  An 
attempt  has  been  made  to  account  for  the  thermal  expansion  of  Si  which,  even 
though  small,  has  some  effect  on  the  refractive  index  of  Si  due  to  the  higher 
precision  of  these  measurements  compared  to  the  earlier  data.  Given  in  the 

Table  6.22:  Essential  parameters  characterizing  Samples  NIST  73  and  NIST  74. 
Estimated  maximum  uncertainties:  0.005  % in  nsi,  2.0  % in  cr^c,  1.9  % in  r-1, 
and  2.4  % in  fs. 


Sample  NIST  73 

Sample  NIST  74 

lup  = 5006.5  ± 19.5  cm'1 

cup  = 6094.5  ± 18.5  cm-1 

dSi  = 200.452  ± 0.009  ^m 

dSi  = 202.142  ±0.018  fim 

T, 

nSi 

_-i 
°DC » 

fs 

_-i 

aDC’ 

1 /t, 

fs 

(K) 

(/.iQ- cm) 

(cm-1) 

(/rfhcm) 

(cm-1) 

300 

3.4200 

1298 

542 

0 

909.9 

564 

0 

200 

3.4063 

982.3 

410 

0 

651.5 

403 

0 

100 

3.3962 

654.9 

274 

0 

405.0 

251 

0 

50 

3.3938 

0 

198 

0.252 

0 

196 

0.345 

20 

3.3938 

0 

210 

0.309 

0 

206 

0.412 

10 

3.386 

0 

209 

0.414 

0 

208 

0.419 

table  body  is  the  temperature  dependence  of  the  refractive  index  nsi  of  Si  and 
three  parameters  characterizing  the  YBa2Cu307_5  film:  the  DC  conductivity  cr^c, 
the  Drude  scattering  rate  1/r,  and  the  fraction  fs  of  superconducting  electrons. 
The  uncertainties  for  these  four  parameters,  which  are  maximum  from  among  both 
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samples  at  all  six  temperatures,  are  given  in  the  figure  caption.  On  the  average, 
the  uncertainties  for  characteristics  of  Samples  NIST  73  and  NIST  74  are  about 
six  times  smaller  than  the  respective  uncertainties  in  the  parameters  of  Samples 
NIST  255  and  NIST  256. 

Again,  the  small  difference  in  the  respective  values  for  the  two  samples  from 
the  same  batch  are  caused  by  slight  variations  in  the  film  deposition  conditions  at 
different  locations  within  the  deposition  chamber. 

In  the  superconducting  state  the  scattering  rate  is  virtually  constant,  but  still 
there  seems  to  be  a very  shallow  minimum  in  the  vicinity  of  50  K.  Sample  NIST  74 
is  characterized  with  a higher  superfluid  density  than  Sample  NIST  73  at  all  tem- 
peratures below  Tc,  although  at  very  low  temperatures  the  difference  between  the 
two  samples  has  “melted”  almost  completely.  This  hints  that  Sample  NIST  74 
must  have  a higher  critical  temperature.  Unfortunately,  we  do  not  have  informa- 
tion about  the  critical  temperature  of  these  two  samples.  Indirectly,  because  they 
came  from  the  same  source  as  the  earlier  Samples  NIST  255  and  NIST  256,  we 
can  assume  that  the  two  more  recent  samples  have  Tc  of  the  same  order,  maybe 
slightly  higher,  taking  into  account  the  fact  that  they  show  higher  superfluid  con- 
centrations. 

Our  reflectance  data  show  some  proof  for  the  presence  of  layers  adjacent  to  the 
interfaces,  whose  properties  differ  from  those  of  the  central  section  of  the  film.  But 
nevertheless,  we  have  not  included  into  consideration  a “dead”  layer.  Rather  we 
are  letting  the  transmittance  to  do  some  averaging  for  us. 

6.4.3  Optical  Characteristics  of  the  YBa2Cu307_<5  Films 

The  spectra  of  the  optical  characteristic  of  the  YBa2Cu307_,s  films  were  calcu- 
lated using  the  complex  dielectric  function  obtained  from  the  fitting  procedure  by 
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means  of  the  program  “dicalc”,  using  the  parameter  files  (.prm)  generated  by  the 
program  “flmfit”. 

6.4. 3.1  Samples  NIST  255  and  NIST  256 

Figures  6.45  and  6.46  present  the  complex  refractive  index  spectra  of  the 
YBa2Cu307_j  film  for  Sample  NIST  255  and  Sample  NIST  256,  respectively, 
at  five  fixed  temperatures.  The  top  panels  give  the  real  refractive  index  n'f  of 
the  YBa2Cu307_,5  film,  whereas  the  bottom  panels  present  its  extinction  coeffi- 
cient n'f.  In  the  normal  state,  n'f  ~ n'f,  as  can  be  expected  for  any  metallic 
film,  and  both  have  a temperature  dependence  with  a negative  slope,  but  positive 
curvature  which  is  significant  in  the  lowest  third  of  the  covered  spectral  range. 
At  300  K,  200  K,  and  100  K,  the  real  refractive  index  n^-(10  cm-1)  is  increas- 
ing approximately  to  62.0,  72.9,  and  94.4,  respectively,  whereas  n'f( 90  cm-1)  is 
increasing  approximately  to  19.5,  22.1,  and  25.9.  The  respective  numbers  for  the 
extinction  coefficient  n'^(10  cm-1)  are  62.7,  74.6,  and  97.7,  whereas  n'f( 90  cm-1) 
these  numbers  are  21.7,  26.4,  and  35.6. 

As  the  YBa2Cu307_5  film  becomes  superconducting,  in  the  far-infrared  spectral 
range  n'f  falls  sharply,  whereas  n'f  grows  abruptly  and  its  curvature  also  increases, 
especially  at  the  very  low  frequencies.  This  tendency  continues,  even  though  the 
change  is  more  gradual,  as  the  temperature  is  reduced  further  from  50  K to  10  K. 
Thus,  below  Tc,  n'f  <C  n"f  and  to  a large  extent  the  response  of  the  YBa2Cu307_5 
film  is  inductive.  Indeed,  at  50  K and  10  K n'f(  10  cm-1)  drops  approximately  to 
29.2  and  14.8,  respectively,  whereas  n'f( 90  cm-1)  go  down  to  approximately  18.5 
and  11.4.  The  respective  numbers  for  the  extinction  coefficient  n'f  (10  cm-1)  shoot 
up  to  308  and  445,  whereas  for  n'j( 90  cm-1)  these  numbers  go  up  to  46.5  and  55.3, 
respectively.  The  descriptions  above  apply  quantitatively  to  Sample  NIST  255 
only,  but  qualitatively  to  Sample  NIST  256,  as  well. 
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Figure  6.45:  Complex  refractive  index  for  the  YBa2Cu307_5  layer  of  Sample 
NIST  255:  refractive  index/extinction  on  top/bottom  panel,  respectively. 
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Complex  Refractive  Index  of  YBCO 
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Figure  6.46:  Complex  refractive  index  for  the  YBa2Cu307_5  layer  of  Sample 
NIST  256:  refractive  index/extinction  on  top/bottom  panel,  respectively. 
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In  the  superconducting  state,  Sample  NIST  255  is  characterized  by  an  approx- 
imately equal  to  slightly  higher  n'j  and  somewhat  lower  n'j  than  the  respective 
values  for  Sample  NIST  256.  To  get  a rough  estimate  for  the  batch  variation  of 
the  complex  refractive  index,  one  can  compare  the  refractive  index  at  10  K for 
Sample  NIST  255  (n'j(  10  cm-1)  ~ 14.8,  n'f{ 90  cm-1)  ~ 11.4,  n"j(  10  cm-1)  ~ 445, 
n"j{ 90  cm-1)  ~ 55.3)  and  Sample  NIST  256  (n^(  10  cm-1)  ~ 18.9,  n'j{ 90  cm-1)  ~ 
13.6,  n"j(  10  cm-1)  ~ 444,  n"j{ 90  cm-1)  ~ 57.3).  Evidently,  this  difference  between 
the  refractive  index  of  the  two  samples  from  the  same  batch  must  be  due  to  a some- 
what larger  fraction  of  the  superconducting  electrons  in  Sample  NIST  255  com- 
pared to  that  for  Sample  NIST  255,  as  can  be  seen  in  Table  6.10  and  Table  6.12. 
This  is  contrary  to  the  conclusion  which  Dr.  Kumar  had  reached  earlier  [124,120], 
and  proves  that  a YBa2Cu307_5  film  of  a higher  quality  is  deposited  onto  Sample 
NIST  255  rather  than  onto  Sample  NIST  256. 

Although  this  is  redundant,  for  convenience  the  complex  conductivity  and 
dielectric  function  were  calculated  as  well. 

Figures  6.47  and  6.48  present  the  complex-conductivity  spectra  of  the 
YBa2Cu307_5  film  for  Sample  NIST  255  and  Sample  NIST  256,  respectively,  at 
five  fixed  temperatures.  The  top  panels  give  the  real  part  of  the  YBa2Cu307_^- 
film  conductivity  a'j,  whereas  the  middle  (normal  state)  panels  and  the  bottom 
(superconducting  state)  panels  present  the  imaginary  part  of  the  YBa2Cu307_5- 
film  conductivity  a'f. 

At  300  K the  real  part  of  the  YBa2Cu307_5-film  conductivity  a'j  is  almost 
constant  in  the  far-infrared  spectral  range.  Indeed,  er).(  10  cm-1)  ss  1296  and 
er).(90  cm-1)  ~ 1270.  At  200  K er)-  is  still  almost  constant,  but  increased  by 
about  40  %.  Indeed,  a'j{  10  cm-1)  ~ 1822  and  <r)-(90  cm-1)  « 1752.  Lowering  the 
temperature  from  200  K to  100  K causes  an  increase  of  10  cm-1)  to  3077  (by 
about  69  %)  below  50  cm-1,  but  with  increasing  the  wave  number  the  change  in 
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Figure  6.47:  Complex  conductivity  for  the  YE^CuaCb-a  layer  of  Sam- 
ple NIST  255:  real/imaginary  part  (normal/superconducting)  state  on 

top/middle/bottom  panel,  respectively. 
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a'j  becomes  smaller.  E.g.,  at  90  cm-1the  increase  is  only  to  2763  (by  about  58  %). 
Therefore  the  line  at  100  K has  a small  negative  curvature.  Upon  further  lowering 
the  temperature  from  100  K to  50  K,  a'j  decreases  a little  and  its  negative  curvature 
is  increased  in  magnitude  only  slightly:  a)-(10  cm-1)  ~ 3001  and  a'j{ 90  cm-1)  ~ 
2575.  Cooling  from  50  K to  10  K causes  a larger  further  decrease,  such  that  the 
negative  curvature  of  a'j  at  10  K is  almost  the  same  as  that  at  100  K:  a'j(  10  cm-1)  ~ 
2204  and  <r^(90  cm'1)  « 1892. 

In  the  normal  state  a'j  is  almost  linear,  with  a positive  slope  and  an  intercept 
close  to  zero.  At  300  K the  slope  is  about  1.53  fi-1  and  increases  to  about  3.43  f I-1 
and  9.94  Q-1  at  200  K and  100  K,  respectively.  The  three  lines  appear  as  an 
unfolding  fan,  centered  at  the  origin.  As  the  superconducting  state  is  reached, 
a'j  jumps  sharply  to  much  higher  values,  and  the  jump  is  extremely  high  at  the 
lowest  wave  numbers.  Actually,  a'j  is  characterized  by  a large  positive  curvature, 
especially  within  the  lowest  third  of  the  covered  spectral  range  and  seems  to  diverge 
when  extrapolated  to  DC.  At  50  K and  10  K a'j(  10  cm-1)  is  about  15.4  and 
33.1  (mfi'Cm)'1,  respectively,  whereas  these  values  for  a'j( 90  cm-1)  are  about  2.73 
and  4.40  (mfhcm)-1.  The  numbers  given  above  refer  to  Sample  NIST  255,  but 
qualitatively  the  description  is  valid  for  Sample  NIST  256,  too,  except  for  the  fact 
that  below  about  50  cm-1  the  curves  of  a'j  at  100  K and  10  K come  relatively 
close  and  almost  merge:  a'j(  10  cm-1)  ~ 2799  at  100  K and  a'j(  10  cm-1)  « 2796 
at  10  K. 

Figures  6.49  and  6.50  present  the  complex  dielectric-function  spectra  of  the 
YBa2Cu307_,5  film  for  Sample  NIST  255  and  Sample  NIST  256,  respectively,  at  five 
fixed  temperatures.  The  top  (normal  state)  panels  and  middle  (superconducting 
state)  panels  give  the  real  part  of  the  YBa2Cu307_,5-film  relative  permittivity  e'j, 
whereas  the  bottom  panels  present  the  imaginary  part  of  the  YBa2Cu307_,5-film 
relative  permittivity  e"j.  At  300  K the  real  part  of  the  YBa2Cu307_,5-film  relative 
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Complex  Conductivity  of  YBCO  on  Si 
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Figure  6.48:  Complex  conductivity  for  the  YBa2Cu307_<5  layer  of  Sam- 
ple NIST  256:  real/imaginary  part  (normal/superconducting)  state  on 

top/middle/bottom  panel,  respectively. 
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Complex  Dielectric  Function  of  YBCO 


Figure  6.49:  Complex  dielectric  function  for  the  YBa2Cu307_j  layer  of 

Sample  NIST  255:  real  (normal/superconducting)  state/imaginary  part  on 

top/middle/bottom  panel,  respectively. 
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permittivity  e'j  is  roughly  constant  and  negative  in  the  far-infrared,  close  to  -92. 
At  200  K e'j  is  still  almost  constant  and  negative  in  the  far-infrared,  close  to  -210. 
At  100  K e'j{  10  cm-1)  ~ —667,  e'y(90  cm-1)  ~ —595,  and  there  is  a slight  positive 
curvature.  As  the  superconducting  state  is  reached,  e'j  drops  sharply  to  much 
lower  values,  and  the  jump  is  extremely  impressive  at  the  lowest  wave  numbers. 
Actually,  a"f  is  characterized  by  a significantly  large  negative  curvature,  especially 
within  the  lowest  third  of  the  covered  spectral  range  and  seems  to  diverge  to  — oo 
when  extrapolated  to  DC.  At  50  K and  10  K £^-(10  cm-1)  is  about  —94000  and 
— 199000,  respectively,  whereas  these  values  for  £^(90  cm-1)  are  —1820  and  —2930. 
The  latter  two  values  appear  to  merge  on  the  plot  due  to  the  large  scale. 

The  imaginary  part  of  the  YBa2Cu307_«5-film  relative  permittivity  e'l  at  all 
temperatures  is  positive,  with  a large  positive  curvature,  especially  within  the 
lowest  third  of  the  covered  spectral  range,  and  at  higher  wave  numbers  all  the 
curves  seem  to  be  merging  as  they  become  almost  horizontal.  Towards  DC  all 
curves  seem  to  diverge.  With  decreasing  of  the  temperature  e'j  grows.  In  the 
superconducting  state  that  growth  is  almost  saturated. 

6.4.3. 2 Samples  NIST  73  and  NIST  74 

Within  this  subsection  the  top  panels  give  the  whole  picture  for  the  refractive 
index  of  the  YBa2Cu307_,5  film,  whereas  the  bottom  panels  magnify  the  scale  to 
zoom  into  some  more  details.  In  the  spectral  range  below  100  cm-1  the  results 
are  qualitatively  similar  to  those  for  Samples  NIST  255  and  NIST  256,  presented 
on  the  previous  several  pages.  This  behaviour  is  dominated  by  the  Drude  band  in 
the  normal  state,  whereas  as  the  temperature  is  lowered  in  the  superconducting 
state  some  of  the  spectral  weight  of  the  Drude  band  is  taken  over  by  the  8(uj)  func- 
tion band  describing  the  superfluid.  At  higher  frequencies  the  signatures  of  three 
prominent  oscillators  are  clearly  visible:  the  phonons  in  the  vicinity  of  270  cm-1, 
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Complex  Dielectric  Function  of  YBCO 
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Figure  6.50:  Complex  dielectric  function  for  the  YE^C^C^-i  layer  of 

Sample  NIST  256:  real  (normal/superconducting)  state/imaginary  part  on 

top/middle/bottom  panel,  respectively. 
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350  cm-1,  and  565  cm-1.  Although  the  three  mid-infrared  band  are  taken  into 
account,  too,  they  are  too  wide  in  order  to  be  discernible  on  these  plots. 

Figures  6.51  and  6.52  present  the  refractive  index  n'j  spectra  of  the 
YBa2Cu307_5  film  for  Sample  NIST  73  and  Sample  NIST  74,  respectively,  at 
six  fixed  temperatures.  Notably,  in  the  vicinity  of  160  cm-1  the  three  curves  in 
the  normal  state  cross  and  have  the  opposite  order  on  both  sides  of  that  spectral 
point.  The  two  curves  at  10  K and  20  K almost  coincide  over  the  whole  studied 
spectral  range.  Above  about  500  cm_1the  50  K curve  is  merging  together  with 
the  other  two  curves  in  the  superconducting  state.  With  increasing  the  wave  num- 
ber the  refractive  index  curves  at  all  temperatures  come  closer  to  each  other,  but 
the  three  normal-state  curves  are  far  from  merging  either  among  themselves,  or 
with  the  three  merged  superconducting  curves,  as  can  be  seen  from  the  magnified 
bottom  panel. 

Figures  6.53  and  6.54  present  the  extinction  coefficient  n'j  spectra  of  the 
YBa2Cu307_5  film  for  Sample  NIST  73  and  Sample  NIST  74,  respectively,  at  six 
fixed  temperatures.  The  three  extinction-coefficient  curves  in  the  superconduct- 
ing state  (at  10,  20,  and  50  K)  almost  coincide  over  the  entire  spectral  range.  With 
increasing  the  wave  number  the  extinction-coefficient  curves  at  all  temperatures 
come  closer  to  each  other,  and  seem  to  be  about  to  merge  even  on  the  magnified 
bottom  panel. 

To  get  a rough  estimate  for  the  sample  variation  of  the  complex  refractive 
index,  one  can  compare  its  far-infrared  values  for  Sample  NIST  73  (n'j( 25  cm-1)  sa 
14.19,  7^(100  cm"1)  « 10.56,  n"(25  cm-1)  « 114.0,  n"(100  cm"1)  sa  32.79)  and 
Sample  NIST  74  (n'j (25  cm-1)  ~ 12.87,  n'f(  100  cm-1)  ~ 10.24,  n"f( 25  cm-1)  ~ 
158.8,  n"j(  100  cm-1)  ~ 43.31)  at  10  K.  Such  a comparison  shows  that  in  the 
superconducting  state,  Sample  NIST  73  is  characterized  by  a lower  n ” and  a slightly 
higher  n'j  than  those  of  Sample  NIST  74.  Evidently,  this  is  due  to  a somewhat 
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Figure  6.51:  Refractive  index  for  the  YBa2Cu307_j  layer  of  Sample  NIST  73, 
magnified  bottom  panel. 
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Refractive  index,  real  part 
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Figure  6.52:  Refractive  index  for  the  YBa2Cu307_a  layer  of  Sample  NIST  74, 
magnified  bottom  panel. 
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Figure  6.53:  Extinction  coefficient  for  the  YBa2Cu307-,5  layer  of  Sample  NIST  73 
magnified  bottom  panel. 
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Figure  6.54:  Extinction  coefficient  for  the  YBa2Cu307_5  layer  of  Sample  NIST  74 
magnified  bottom  panel. 
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larger  fraction  of  the  superconducting  electrons  in  Sample  NIST  74  compared  to 
that  for  Sample  NIST  73,  as  can  be  seen  in  Table  6.16  and  Table  6.20. 

Although  this  is  redundant,  for  convenience  the  complex  conductivity  and 
dielectric  function  were  calculated  as  well. 

Figures  6.55  and  6.56  present  the  real  part  a'}  of  the  complex  conductivity  spec- 
tra for  the  YBa2Cu307_j  film  of  Sample  NIST  73  and  Sample  NIST  74,  respec- 
tively, at  six  fixed  temperatures.  In  the  normal  state,  as  the  temperature  is 
lowered  the  Drude  scattering  rate  decreases  and  therefore  the  low-wave  number 
optical  conductivity  increases  as  expected.  With  further  decreasing  of  the  temper- 
ature the  low-wave  number  optical  conductivity  decreases  somewhat  as  some  of  its 
spectral  weight  is  taken  over  by  the  5(u;)-function.  The  low- wave  number  portion 
(below  about  240  cm-1)  has  a small  positive  slope  at  300  K,  a small  negative  slope 
at  200  K,  a large  negative  slope  at  100  K.  The  curve  at  50  K is  characterized  by  the 
highest  negative  slope  in  its  low-wave  number  portion,  and  the  coinciding  curves 
at  10  and  20  K have  the  second  highest  negative  slope.  The  latter  decrease  is  asso- 
ciated with  the  increasing  power  of  the  5(u>)  contribution  to  the  DC  conductivity. 
Due  to  these  differing  slopes  the  curves  at  various  temperatures  cross  at  several 
points  and  change  their  order  which  can  be  traced  most  easily  on  the  plots.  But 
the  three  curves  in  the  superconducting  state  do  not  cross,  but  rather  tend  merge 
at  the  highest  studied  wave  numbers. 

Figures  6.57  and  6.58  present  the  imaginary  part  a'j  of  the  complex  conductiv- 
ity spectra  for  the  YBa2Cu307_5  film  of  Sample  NIST  73  and  Sample  NIST  74, 
respectively,  at  six  fixed  temperatures.  Interestingly,  the  curve  at  300  K,  and 
most  of  the  curve  at  200  K (except  the  highest  portions  of  two  phonon  signatures) 
are  negative.  This  could  mean  that  the  wide  mid-infrared  bands  “bury”  the  Drude 
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Figure  6.55:  Real  part  of  the  conductivity  for  the  YBa2Cu307_j  layer  of  Sample 
NIST  73,  magnified  bottom  panel. 
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Figure  6.56:  Real  part  of  the  conductivity  for  the  YBa2Cu307_5  layer  of  Sample 
NIST  74,  magnified  bottom  panel. 
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Optical  conductivity,  imaginary  part 
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Figure  6.57:  Imaginary  part  of  the  conductivity  for  the  YBa2Cu307_a  layer  of 
Sample  NIST  73,  magnified  bottom  panel. 
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contribution.25  The  two  curves  at  10  K and  20  K practically  coincide  over  the 
entire  studied  spectral  range,  and  as  early  as  above  200  cm-1  they  get  merged 
with  the  curve  at  50  K. 

Figures  6.59  and  6.60  present  the  real  part  of  the  relative  permittivity  (complex 
dielectric-function)  e'}  spectra  of  the  YBa2Cu307_5  film  for  Sample  NIST  73  and 
Sample  NIST  74,  respectively,  at  six  fixed  temperatures.  The  contrast  between  the 
normal  and  the  superconducting  state  curve  here  is  so  large  that  on  the  top  panel 
the  three  normal-state  curves  seem  to  coincide,  as  do  the  three  superconducting- 
state  curves.  The  bottom  panel  shows  that  at  least  above  200  cm-1  the  three 
superconducting-state  curves  really  coincide.  In  the  low-wave  number  portion  all 
curves  are  characterized  by  a negative  slope  whose  magnitude  is  increasing  as 
the  temperature  is  lowered  until  it  gets  saturated  in  the  superconducting  state. 
Curiously,  the  low-wave  number  portion  of  the  curve  at  300  K and  a small  portion 
(in  the  vicinity  of  a phonon  signature)  of  the  curve  at  200  K are  positive.  This 
corresponds  to  the  anomaly  observed  in  the  a"  spectra. 

Figures  6.61  and  6.62  present  the  imaginary  part  of  the  complex  dielectric- 
function  e"f  spectra  of  the  YBa2Cu307_5  film  for  Sample  NIST  73  and  Sample 
NIST  74,  respectively,  at  six  fixed  temperatures.  Essentially,  these  curves  provide 
the  same  information  as  e'  curves,  but  in  a much  less  convenient  form.  Indeed  the 
phonon  signatures  are  superimposed  on  these  steeply  sloped  curves  and  a lot  of 
the  sensitivity  to  those  features  is  lost. 

6.4.4  Reflectance 

Generally,  for  calculating  the  reflectance  spectra  we  have  used  the  same  param- 
eters that  gave  optimum  results  for  the  transmittance. 

25Private  communication  by  David  Tanner. 
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Optical  conductivity,  imaginary  part 
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Figure  6.58:  Imaginary  part  of  the  conductivity  for  the  YBa2Cu307_j  layer  of 
Sample  NIST  74,  magnified  bottom  panel. 
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Optical  dielectric  function,  real  part 
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Figure  6.59:  Real  part  of  the  complex  dielectric  function  for  the  YBa2Cu307_j 
layer  of  Sample  NIST  73,  magnified  bottom  panel. 
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Optical  dielectric  function,  real  part 
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Figure  6.60:  Real  part  of  the  complex  dielectric  function  for  the  YBa2Cu307_«5 
layer  of  Sample  NIST  74,  magnified  bottom  panel. 
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Optical  dielectric  function,  imaginary  part 


Sample  NIST  73 


Figure  6.61:  Imaginary  part  of  the  complex  dielectric  function  for  the 

YBa2Cu307_5  layer  of  Sample  NIST  73,  magnified  bottom  panel. 
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Optical  dielectric  function,  imaginary  part 
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Figure  6.62:  Imaginary  part  of  the  complex  dielectric  function  for  the 

YBa2Cu307_5  layer  of  Sample  NIST  74,  magnified  bottom  panel. 
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The  measured  and  calculated  front-side  reflectance  spectra  for  Sample 
NIST  255  at  room  temperature  are  given  in  Fig.  6.20  (normal  state)  and  Fig.  6.21 
(superconducting  state).  The  measured  and  calculated  back-side  reflectance  spec- 
tra for  Sample  NIST  255  at  room  temperature  are  given  in  Fig.  6.22  (normal  state) 
and  Fig.  6.23  (superconducting  state). 

Less  successful  were  the  measurements  of  reflectance  from  Sample  NIST  256. 
The  measured  and  calculated  front-side  reflectance  spectra  for  Sample  NIST  256 
at  room  temperature  are  given  in  Fig.  6.27  (normal  state)  and  Fig.  6.28  (super- 
conducting state).  The  measured  and  calculated  back-side  reflectance  spectra  for 
Sample  NIST  256  at  room  temperature  are  given  in  Fig.  6.29  (normal  state)  and 
Fig.  6.30  (superconducting  state). 

Clearly,  at  room  temperature  the  agreement  between  the  calculated  and  mea- 
sured reflectance  is  much  better  than  the  agreement  in  the  superconducting  state 
is.  For  that  reason,  as  mentioned  earlier,  we  believe  the  sample-holder  was  not  in 
a good  thermal  contact  with  the  cold  finger  of  the  cryostat  and  instead  of  at  50  K 
and  10  K,  the  reflectance  measurements  were  actually  done  at  temperatures  above 
T 

The  calculated  front-side  reflectance  curves  are  shown  for  all  temperatures  at 
which  we  have  done  measurements  with  dotted  lines.  There  is  some  temperature 
dependence  of  the  spectral  positions  of  the  extrema.  Within  the  temperature 
ranges  where  the  YBaaCusCb-a  layer  is  either  in  the  superconducting  or  in  the 
normal  state,  that  temperature  dependence  is  moderate.  However,  it  becomes 
more  significant  if  the  temperature  range  includes  the  critical  temperature,  that 
is,  if  the  YBa2Cu307_i  changes  its  state  from  normal  to  superconducting,  or  vice 
versa.  The  fringe  contrast  is  reduced  significantly  at  lower  temperatures,  which  can 
be  expected  since  the  penetration  depth  of  electromagnetic  radiation  within  the 
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YBa2Cu307-,5  film  has  a positive-slope  temperature  dependence,  and  is  especially 
small  in  the  superconducting  state. 

For  the  back-side  reflectance  (the  incident  beam  is  coming  from  the  Si  substrate 
side)  with  the  YBa2Cu307_5  layer  in  the  superconducting  state,  the  measured  and 
calculated  curves  agree  to  a reasonable  degree,  but  the  calculated  minima  are 
sharper  and  significantly  lower  than  the  measured  values.  This  discrepancy  may 
be  due  to  inadequate  spectral  resolution  of  the  measurements,  to  divergence  of 
the  beam  within  the  interferometer,  or  to  ignoring  the  contribution  of  some  of  the 
dielectric  layers. 

Our  more  recent  measurements  on  Sample  NIST  73  and  Sample  NIST  74  are 
in  a much  better  agreement.  The  measured  and  calculated  front-side  reflectance 
spectra  for  Sample  NIST  73  at  room  temperature  are  given  in  Fig.  6.33  (normal 
state)  and  Fig.  6.34  (superconducting  state).  The  measured  and  calculated  back- 
side reflectance  spectra  for  Sample  NIST  73  at  room  temperature  are  given  in 
Fig.  6.36  (normal  state)  and  Fig.  6.37  (superconducting  state). 

Due  to  the  effects  of  partial  coherence,  the  amplitude  of  the  reflectance  fits 
always  exceeds  the  measured  data.  The  reflectance  measurements  are  more  sen- 
sitive to  partial  coherence,  because  non-normal  incidence  is  used,  whereas  the 
transmittance  measurements  always  use  nominally26  normal  incidence. 

The  measured  and  calculated  front-side  reflectance  spectra  for  Sample  NIST  74 
at  room  temperature  are  given  in  Fig.  6.40  (normal  state)  and  Fig.  6.41  (super- 
conducting state).  The  measured  and  calculated  back-side  reflectance  spectra  for 
Sample  NIST  74  at  room  temperature  are  given  in  Fig.  6.43  (normal  state)  and 
Fig.  6.44  (superconducting  state). 

26  Divergence  of  the  beam  can  cause  the  outer  cone  of  the  beam  to  deviate  from  normal  inci- 
dence, but  in  practice  this  parasitic  effect  is  very  small. 
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6.5  Discussion 


6.5.1  Antireflection  Effect 

As  was  said  earlier,  we  have  observed  a phase  change  in  the  transmittance 
within  the  approximate  temperature  range  from  200  to  250  K.  In  particular,  for 
Sample  NIST  255,  the  phase  change  occurs  at  a temperature  very  close  to  200  K 
as  the  curve  measured  at  200  K has  only  hints  for  fringes,  almost  buried  in  the 
noise.  Furthermore,  to  within  the  spectral  uncertainty,  the  spectral  positions  of 
the  transmittance  minima  at  300  K correspond  to  those  of  the  maxima  at  100  K, 
50  K,  and  10  K.  This  interesting  interference  phenomenon  can  be  explained  by  the 
antireflection  effect,  as  can  be  seen  from  the  following  analysis. 

Let  us  assume  that  the  infrared  beam  is  incident  upon  the  Si  substrate,  traverses 
it,  and  is  partially  reflected  by  the  film.  The  sample  configuration  for  this  case 
is  shown  in  Figure5.3.  From  equation  3.140  applied  to  the  case  that  is  being 
considered,  the  complex  Fresnel  reflection  coefficient  for  back-side  incidence: 


-^2,3  + r2,ie‘ 26  f 
1 - r2t3r2,iei2Sf 


(6.12) 


Here  the  subscripts  “1”,  “2”,  and  “3”  correspond  to  vacuum,  YBa2Cu307_i,  and 
Si,  respectively.  To  simplify  the  analysis  the  vacuum  behind  the  YBa2Cu307_5 
film  has  been  neglected  in  equationE:r.  For  the  simple  case  of  normal  incidence 


rj,k 


Tlj  Tlk 

rij  + nk' 
6f 


(j,k)  = (2,1),  (2, 3); 


uidfn2/c. 


(6.13) 

(6.14) 


The  former  line  gives  the  complex  Fresnel  reflection  coefficient  for  the  respec- 
tive interface,  and  the  latter  line  is  the  complex  phase  change  accumulated  while 
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the  beam  makes  a “round  trip”  within  the  YBa2Cu307_,5  film.  Furthermore,  the 
refractive  indices  of  vacuum,  the  film,  and  the  Si  substrate  are 


n i = 1;  n2  = nf\  n3  = nSi, 


(6.15) 


<C  1,  with  real 


respectively,  and  c is  the  speed  of  light  in  vacuum. 

For  the  thin  YBa2Cu307_«5  film  in  the  normal  state  2 
part  df  <C  \/(4nn'f),  and  imaginary  part  df  <C  X/(4nn'j).  The  latter  condi- 
tion simply  means  that  the  YBa2Cu307_,5  him  thickness  is  much  smaller  than 
the  electromagnetic-radiation  penetration  depth  in  the  YBa2Cu307_j  film.  Above 
A = 2nc/uj  is  the  wavelength  in  vacuum. 

The  condition  mentioned  above  means  that  in  the  normal  state  of  YBa2Cu307_,5 
we  can  use  g*  £^2  1 + i2 Sf.  Substituting  this  approximation,  as  well  as  equation 
6.13  into  equation  6.12,  after  simplification,  we  get 


n3-ni  + i6fn2(l  + n3/n2)(l  - ni/n2) 
n3  -I-  ni  -\Sfn2(l  - n3/n2)(l  - nx/n2) 


(6.16) 


In  the  normal  state,  YBa2Cu307_,5  behaves  as  a metal,  and  therefore  its  n'j  and 
n'j  are  much  higher  than  those  for  any  dielectric  layer  or  vacuum.  We  can  then 
conclude  that  \n3/n2\  <C  1 and  |ni/n2|  1,  which  leads  to  a further  simplification 

of  equation  6.16: 


n3  - + i 6fn2 

V ~ 

n3  + nx-  i 5fn2 


(6.17) 


This  equationis  the  same  as  the  one  derived  by  McKnight  et  al.  [153],  but  unlike 
them,  Kumar  [120]  obtained  it  directly  from  Maxwell’s  equations  without  assuming 
that  the  film  is  infinitely  thin. 
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It  is  convenient  to  define  a dimensionless  admittance  of  the  YBa2Cu307_(5  film 

Vf  = -i  SfUf.  (6.18) 

which  is  complex  in  the  general  case.  Using  this  equation  and  equation  6.15  allows 
reduction  of  equation  6.17  to 


ns%  - 1 - y±_ 

nSi  + 1+2// 

Substituting  equation  6.14  into  equation  6.18  we  get 


(6.19) 


yf  = -iudfn2f/c.  (6.20) 

As  was  mentioned  earlier,  in  the  normal  state  of  YBa2Cu307_,5  its  dielectric 
function  is  dominated  by  the  Drude  term.  At  low  frequencies  (wr  <C  1),  i.e. , when 
the  angular  frequency  is  significantly  smaller  that  the  scattering  rate,  the  Drude 
term  becomes  purely  imaginary: 


n)  = ef  = -i  <7DC/{uEo),  (6.21) 

whereupon  the  dimensionless  admittance  becomes  practically  real  in  the  very  far- 
infrared 

Vf  = Vf  = aDcdf/(cE0).  (6.22) 

Knowing  that  the  dimensionless  admittance  is  a positive  constant,  it  is  clear  that 
if  the  following  condition  is  met 


VDcdf/(ce0)  = yf  = nSi  — 1, 


(6.23) 
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then  the  numerator  of  equation  6.17  vanishes  and  the  result  is  antireflection,  also 
called  impedance  (admittance)  matching.  Substituting  nsi  = 3.4,  and  the  value 
of  ce0,  the  antireflection  condition  is  reduced  to 

{vDcdf)-1  ~ 1570.  (6.24) 

Finally,  the  DC  resistivity  of  a YBa2Cu307_(s  film  with  d}  — 35  nm,  at  which 
antireflection  should  occur  is  er^  Ri  550/xfhcm.  The  DC  resistivity  obtained  from 
the  200  K transmittance  fit  is  548.5/rO-cm,  which  is  a very  good  agreement,  espe- 
cially taking  into  account  that  several  approximations  have  been  made  above. 

The  presence  of  residual  interference  fringes  in  the  transmittance  through  Sam- 
ple NIST  255  at  200  K is  due  to  the  fact  that  either  200  K is  not  the  exact  temper- 
ature at  which  the  antireflection  is  complete,  or  one  of  the  conditions  above  is  not 
met  perfectly — the  scattering  rate  at  200  K is  slightly  lower  (448  cm-1  for  Sample 
NIST  255),  or  somewhat  higher  (476  cm-1  for  Sample  NIST  256)  (see  Table  6.21) 
from  the  optimum  value,  and  the  lowest  frequency  at  which  we  have  measured  is 
10  to  20  cm-1. 

The  DC  resistivity  varies  with  temperature.  As  oDlc  passes  through  the  value 
at  which  the  reflection  vanishes,  the  Fresnel  reflection  coefficient  (equation  6.17) 
changes  its  sign.  This  is  equivalent  to  a phase  change  of  7T  rad,  and  explains  why 
the  central  frequencies  of  the  transmittance  maxima  at  300  K correspond  to  the 
frequencies  of  transmittance  minima  at  100  K,  and  vice  versa. 

The  calculated  transmittance  and  reflectance  agree  very  well  with  the  measured 
data  as  far  as  the  interference  patterns  at  most  temperatures  are  concerned  A slight 
exception  is  made  by  Sample  NIST  255  at  200  K for  which  the  fit  oscillates  out  of 
phase  with  the  measured  spectrum.  The  reason  for  this  may  be  that  in  the  vicinity 
of  the  temperature  at  which  the  phase  switch  occurs,  the  small  contributions  from 
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the  two  buffer  layers  that  we  have  neglected  may  become  important.  Also,  under 
such  conditions  the  phase  becomes  very  sensitive  to  even  small  uncertainties  in  the 
fit  parameters.  Hence,  in  this  case  the  fitting  procedure  is  very  unstable.  More- 
over, the  transmittance  at  200  K is  not  quite  zero  which  is  due  to  the  fact  that  the 
approximations  that  were  made  above  are  only  that — approximations.  Hence  the 
dimensionless  admittance  is  only  approximately  real,  and  its  small  imaginary  part 
is  responsible  for  the  deviation  of  the  reflectance  from  zero,  that  is,  the  antireflec- 
tion effect  is  not  perfect.  Another  way  to  interpret  the  discrepancy  under  discussion 
is  to  assume  that  the  scattering  rate  is  a complex,  frequency-dependent  quantity. 
Modified  Drude  models  using  such  a scattering  rate  have  been  suggested  for  the 
study  of  HTSC  materials  [154,155,41,156].  It  is  possible  that  such  models  could 
be  applicable  to  thin  YBa2Cu307_(5  films  on  Si  substrates,  too.  However,  with  the 
data  we  have  now,  no  definitive  conclusion  is  possible  at  this  moment. 

There  is  some,  relatively  small,  difference  between  the  optical  properties  of 
Sample  NIST  255  and  Sample  NIST  256.  From  the  data  we  have  (Figures  6.18, 
6.25,  and  Table  6.21),  for  Sample  NIST  256  we  can  estimate  that  antireflection, 
corresponding  to  the  minimum  fringe  contrast,  would  occur  at  some  temperature 
within  the  range  from  200  to  300  K,  and  most  likely  in  the  vicinity  of  208  K,  where 
its  DC  electric  resistivity  is  about27  5 50  fiQ-cm.  Furthermore,  from  equation  6.24, 
it  is  clear  that  by  increasing  the  film  thickness,  at  least  in  theory,  it  is  possible 
to  design  a silicon  antireflection  substrate  with  an  YBa2Cu307_5film  absorber  on 
top  of  it,  such  that  it  is  impedance-matched  at  room  temperature.  Further  studies 
are  needed  in  order  to  determine  if  the  antireflection  effect  of  Si  substrate  with 
high-temperature-superconducting  films  can  find  practical  applications. 

27Estimated  by  linear  interpolation. 
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6.5.2  The  Effect  of  Optical  Resonance 

For  both  Sample  NIST  255  and  Sample  NIST  256,  the  transmittance  maxima 
and  reflectance  minima  measured  in  the  superconducting  state  are  sharper  than 
the  respective  features  measured  in  the  normal  state.  Moreover,  the  peak  trans- 
mittance at  10  K even  exceeds  that  at  50  K.  At  first  this  is  counterintuitive:  one 
expects  that  as  the  temperature  is  lowered,  the  conductivity  of  the  YBa2Cu307_a 
film  increases  and  therefore  the  transmittance  should  decrease.  The  unexpected 
higher  peak  transmittance  at  lower  temperatures  only  in  narrow  spectral  bands  is 
evidently  the  result  of  an  optical  resonance  in  the  film-substrate  composite. 

A plain  Fabry-Perot  optical  resonator  is  a thin  (compared  to  the  wavelength) 
dielectric  plate  coated  with  (or  vaccum  surrounded  by)  highly  reflecting  films  on 
both  sides.  Such  a structure  would  transmit  only  in  narrow  spectral  ranges  centered 
about  periodical  resonance  frequencies,  determined  by  the  optical  thickness  of  the 
dielectric  plate.  By  varying  the  reflection  coefficient  at  both  or  one  of  the  interfaces, 
the  transmittance  spectrum  of  the  resonator  can  be  modified  within  a wide  range  of 
possibilities.  Such  Fabry-Perot  multiple-beam  resonances  can  lead  to  impressively 
high  transmittance  values,  but  only  at  certain  frequencies. 

Our  samples  are  actually  asymmetric  optical  resonators,  with  the  YBa2Cu307_,5 
film  acting  as  one  of  the  reflectors,  the  Si  substrate  is  the  dielectric  plate,  and 
its  uncoated  side  acting  as  the  second  reflector.  As  the  YBa2Cu307_^  reflector 
gets  more  superconducting  at  low  temperatures,  its  reflection  coefficient  increases 
significantly.  This,  combined  with  the  multiple-beam  interference  within  the  Si 
substrate,  can  lead  to  sharp  transmittance  peaks  at  certain  resonance  frequen- 
cies. The  resonance  effects,  observed  by  others  [157-159]  before  us,  demonstrate 
that  YBa2Cu307_a  films  on  Si  substrates  are  good  candidates  for  the  develop- 
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ment,  design,  and  construction  of  Fabry-Perot.  resonators.  Detailed  studies  of  such 
resonance  structures  are  presented  in  chapter  8. 

6.5.3  Fitting  Parameters 

Our  fitting  parameters  for  Sample  NIST  255  and  Sample  NIST  256  are  sum- 
marized in  Table  6.21).  For  our  earlier  measurements,  we  would  start  with  fitting 
the  measured  transmittance.  Then  the  fit  parameters  were  tested  and  fine-tuned, 
if  necessary,  on  the  front-side  and  back-side  reflectance  whenever  such  data  were 
available  and  deemed  reliable. 

In  the  far-infrared  spectral  range,  only  two  parameters — the  DC  resistivity 
and  the  scattering  rate — are  sufficient  to  model  the  dielectric  function  of  an 
YBa2Cu307_,5  film  in  the  normal  state.  In  Table  6.23,  our  latest  values  for  the 
parameters  characterizing  Samples  NIST  73,  NIST  74,  NIST  255,  and  NIST  256 
at  300  K and  100  K,  respectively,  are  compared  with  the  previously-reported-by-us 
[124]  parameters,28  that  were  obtained  from  the  same  measurements  of  Samples 
NIST  255  and  NIST  256,  as  well  as  to  the  parameters  reported  by  several  other 
groups  that  have  done  similar  studies. 

Due  to  the  various  substrates,  buffer  layers,  as  well  as  deposition  techniques, 
that  have  been  used,  and  possibly  because  of  different  quality  of  the  samples, 
these  values  vary  in  a wide  range  with  the  upper  bound  exceeding  the  lower  one 
by  up  to  a factor  of  four.  Our  studies  have  shown  that  the  optical  properties  of  the 
YBa2Cu307_,s  layer  depend  more  strongly  on  the  DC  resistivity  1/cr dc,  than  on  the 
scattering  rate  1/r  which  is  confirmed  by  the  fact  that  our  fractional  uncertainty 
for  1/r  exceeds  that  for  1 /ctdc- 

28Those  earlier  estimations  are  superseded  by  our  current  values,  presented  herein.  We  believe 
that  the  latter  are  more  accurate  and  reliable  than  the  former. 
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Table  6.23:  DC  resistivity  and  Drude  scattering  rate  of  YBa2Cu307_<5  films  as 
reported  by  various  researchers. 


Reference 

Substrate 

dr,  nm 

Pdc , /ifi-cm 

Vo 

cm  1 

300  K 

100  K 

300  K 

100  K 

NIST  73 

Si 

35 

1298 

654.9 

542 

274 

NIST  74 

Si 

35 

909.9 

405.0 

564 

251 

NIST  255 

Si 

35 

771 

324 

630 

265 

NIST  256 

Si 

35 

715 

357 

635 

317 

[124] 

Si 

35 

800 

306 

600 

230 

[160] 

MgO 

48 

555 

165 

550 

175 

[149] 

La  A 103 

10 

880 

- 

300 

- 

25 

420 

- 

400 

- 

[161] 

MgO 

50 

390 

150 

480 

180 

[162] 

MgO 

35 

860 

- 

270 

- 

This  can  be  visualized  if  the  best  fits  are  compared  to  the  spectra  calculated 
with  one  of  those  parameters  offset  from  its  optimum  value  by  a certain  percentage. 
Such  a comparison  for  Sample  NIST  256  at  100  K was  made  by  Kumar  in  his 
dissertation  [120,  Figure  5.17].  It  presents  the  best-fit  transmittance  juxtaposed 
to  the  calculated  transmittance  with  1/r  offset  by  ±20  % (top  panel),  or  1/udc 
offset  by  ±5  % (bottom  panel).  Evidently,  even  a relatively  large  variation  in  the 
scattering  rate  has  only  a small  effect  on  the  transmittance  which  implies  that 
the  scattering  range  obtained  from  the  fits  has  a large  uncertainty.  Conversely, 
the  transmittance  is  quite  sensitive  to  the  DC  resistivity.  A relatively  small  offset 
of  this  quantity  from  its  optimum  value  can  lead  to  a significant  deviation  of  the 
transmittance  from  its  best  fit. 

In  the  superconducting  state,  at  a temperature  as  low  as  10  K,  our  best  fits 
produced  a fraction  of  superconducting  electrons  fs  within  the  range  from  0.19  to 
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0.42.  This  means  that  in  high-temperature-superconducting  thin  films  a significant 
fraction  of  all  electrons  remain  normal  even  at  very  low  temperatures.  The  latter 
fact  has  been  noticed  by  many  authors  already  [25].  Gao  et  al.  [160]  obtained 
fs  ~ 0.5  at  10  K for  an  YBa2Cu307_,5  film  of  thickness  48  nm.  A similar  result 
was  obtained  by  Flik  et  al.  [149]  for  a set  of  films  with  thickness  within  the  range 
from  10  to  200  nm). 

On  the  other  hand,  single  crystals,  as  well  as  thick  films,  at  temperatures 
much  lower  than  the  critical  temperature  Tc  are  characterized  by  fs  within  the 
range  from  0.70  to  0.85  [148].  This  could  be  a hint  that  as  the  art  for  depositing 
YBa2Cu307_5-films  onto  Si  substrates  continues  to  mature,  the  quality  of  the  high- 
temperature-superconducting  thin  films  could  be  increased  further. 


CHAPTER  7 

ABSORPTANCE  OF  YBa2Cu307_,5  THIN  FILMS 


7.1  Introduction 

This  chapter  presents  the  absorptance  of  YBa2Cu307_,5  films  for  the  same  sam- 
ples whose  reflectance  and  transmittance  was  presented  in  the  previous  chapter. 
For  Samples  NIST  255  and  NIST  256  we  have  measured  and  calculated  the  absorp- 
tance within  the  spectral  range  from  10  to  90  cm-1  [125],  whereas  for  Samples 
NIST  73  and  NIST  74  the  respective  spectral  range  is  from  20  to  600  cm-1.  The 
absorptance  is  calculated  using  the  energy  conservation  relationship 

A = 1 — T - n.  (7.1) 

If  the  measured  or  calculated  transmittance  and  reflectance  are  substituted  into 
this  equation,  one  gets  the  measured  or  calculated1  absorptance,  respectively, 
which  can  be  either  front-side,  or  back-side,  depending  on  which  type  of  reflectance 
data  have  been  used.  As  could  be  seen  in  the  previous  chapter,  the  front-side  and 
back-side  reflectance  differ  significantly.  Naturally,  this  difference  is  inherited  by 
the  absorptance  spectra,  as  well. 

Exactly  one  reflectance  spectrum  and  one  transmittance  spectrum  are  needed 
for  calculating  of  each  “measured”  absorptance  spectrum.  This  self-evident  fact 
has  the  unfortunate  consequence  that  if  at  least  one  of  the  needed  two  spectra 
has  not  been  determined  reliably  then  calculation  of  a trustworthy  absorptance 

Hn  other  words,  the  “measured”  absorptance  is  actually  calculated  using  the  measured 
reflectance  and  transmittance,  whereas  the  “calculated”  absorptance  is  obtained  from  the  fits 
to  the  measured  reflectance  and  transmittance. 
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spectrum  becomes  impossible.  For  this  reason  we  have  not  presented  any  measured 
front-side  absorptance  spectra  for  Sample  NIST  255  with  its  YBCO  layer  in  the 
superconducting  state,  nor  any  measured  absorptance  spectra  for  Sample  NIST  256 
regardless  of  both  the  side  of  incidence  and  the  state  of  the  YBCO  layer  for  the 
latter  sample. 

Keeping  all  parameters  set  to  their  values  determined  by  fitting  the  transmit- 
tance, front-side,  and  back-side  reflectance,  and  varying  the  YBa2Cu307_5-film 
thickness  only,  we  have  calculated2  the  variation  of  these  three  spectra  (and  sub- 
sequently of  the  front-side  and  back-side  absorptance,  as  well)  vs.  the  thickness  of 
the  YBCO  film.  For  brevity  this  calculations  were  done  only  for  Sample  NIST  255 
at  100  K,  but  there  are  no  obstacles  to  expand  the  same  procedure  over  all  sam- 
ples with  an  YBCO  film  that  we  have  studied,  and  at  any  temperature  at  which 
reliably  determined  fitting  parameters  for  each  layer  of  the  respective  sample  are 
available. 

Our  absorptance  studies  are  aimed  at  collecting  data  that  would  be  useful  for 
designing  of  infrared-radiation  detectors  with  high  sensitivity.  Detectors  using 
YBa2Cu307_,5  thin  films  can  operate  above  77  K (the  temperature  of  liquid  nitro- 
gen). 

A higher  absorptance  leads  to  a higher  responsitivity  and  detectivity  as  well  as 
a smaller  noise  equivalent  power  [163,164],  The  absorptance  of  the  YBa2Cu307_5 
film  depends  on  various  factors  such  as:  the  wavelength  of  the  incident  radiation, 
the  temperature  of  the  sample,  the  thickness  of  the  YBa2Cu307_<5  film,  and  the 
properties  of  the  substrate.  The  back-side  absorptance  is  higher  than  the  front- 
side one.  Silicon  has  been  proven  to  be  an  excellent  substrate  for  YBa2Cu307_(S 
bolometers:  it  has  a high  thermal  conductivity  and  is  quite  transparent  in  the 


2 Again,  these  calculations  were  done  by  running  multiple  times  the  program  ‘flmfit”. 
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far-infrared  spectral  range.  Phelan  et  al.  [162]  have  investigated  the  thickness- 
dependent  absorptance  of  YBCO  films  on  MgO  substrates  in  the  spectral  range 
from  100  to  200  cm-1.  Unexpectedly,  the  absorptance  by  some  thicker  films  is 
smaller  than  that  of  thin  films.  Actually,  for  relatively  thin  films  (thickness  below 
500  nm)  there  is  an  optimum  thickness  for  which  the  absorptance  by  the  film- 
substrate  composite  is  maximum  [125].  Naturally,  films  thicker  than  about  500  nm 
again  restore  their  “leadership”. 

7.2  Sample  NIST  255 

7.2.1  Absorptance  in  the  Normal  State 

7. 2. 1.1  Front-side  absorptance  of  Sample  NIST  255 

The  measured  and  calculated  front-side  absorptance  for  the  YBa2Cu307_j  film 
of  Sample  NIST  255  at  three  temperatures,  with  the  YBCO  film  in  the  normal 
state,  is  given  in  Figure  7.1  (at  300  K on  the  top  panel,  at  200  K on  the  middle 
panel,  and  at  100  K on  the  bottom  panel).  The  match  between  the  measured  and 
calculated  front-side  absorptance  spectra  is  to  within  the  experimental  uncertainty, 
combined  for  both  the  respective  reflectance  and  transmittance  data. 

7. 2. 1.2  Back-side  absorptance  of  Sample  NIST  255 

The  measured  and  calculated  back-side  absorptance  for  the  YBa2Cu,307_^  film 
of  Sample  NIST  255  at  three  temperatures,  with  the  YBCO  film  in  the  normal 
state,  is  shown  in  Figure  7.2.  At  room  temperature  the  back-side  absorptance 
shows  a tendency  to  decrease  as  the  frequency  is  lowered  below  50  cm-1.  This 
corresponds  to  an  increase  of  both  the  transmittance  (Figure  6.18,  top  panel),  and 
back-side  reflectance  (Figure  6.22,  top  panel)  at  lower  frequencies.  The  match 
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Normal-State  YBCO  on  Si 

Sample  NIST  255 


Figure  7.1:  Front-side  absorptance  for  the  YE^CuaCb-a  film  of  Sample  NIST  255 
at  three  temperatures  in  the  normal  state. 


321 


Normal-State  YBCO  on  Si 

Sample  NIST  255 


Figure  7.2:  Back-side  absorptance  for  the  YBa2Cu307_5  him  of  Sample  NIST  255 
at  three  temperatures  in  the  normal  state. 
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between  the  measured  and  calculated  back-side  absorptance  spectra  in  the  normal 
state  is  to  within  the  experimental  uncertainty  except  for  the  back-side  absorptance 
at  200  K.  In  the  vicinity  of  the  phase-switch  temperature  the  phase  is  unstable 
and  hard  to  model,  as  it  is  very  sensitive  to  even  small  uncertainties  in  a number 
of  parameters.  Inadequacy  of  our  initial  model  (e.g.,  ignoring  of  all  thin  dielectric 
layers),  and  even  losses  in  the  Si  substrate  could  also  be  blamed.  In  any  case,  I 
do  not  share  Kumar’s  opinion  [120,  p.  93],  that  experimental  noise  can  cause  the 
calculated  back-side  absorptance  at  200  K to  be  out  of  phase  with  the  measured 
one.  Noise  is  random  and  therefore  cannot  lead  to  a phase  change.  Also,  even 
though  the  uncertainties  may  be  significant,  they  are  mostly  systematic,  rather 
than  random.  Thus,  the  uncertainty  would  not  be  able  to  account  for  a phase- 
shift  of  7 r rad,  either. 

At  200  K,  the  fringe  contrast  of  the  back-side  absorptance  has  almost  vanished 
(Figure  7.2,  middle  panel),  whereas  that  of  the  front-side  absorptance  (Figure  7.1, 
middle  panel)  is  very  high.  The  phase-shift  of  7r  rad  found  in  both  the  transmit- 
tance (Figure  6.18,  from  top  to  bottom  panel)  and  back-side  reflectance  spectra 
(Figure  6.22,  from  top  to  bottom  panel)  when  the  100  K and  300  K curves  are 
compared,  can  of  course  be  observed  in  the  back-side  absorptance  (Figure  7.2,  from 
top  to  bottom  panel),  too.  However,  the  front-side  reflectance  data  (Figure  6.20) 
show  no  phase  shift  at  a temperature  about  200  K and  have  a much  higher  fringe 
contrast  than  the  transmittance  (Figure  6.18).  Thus  the  transmittance  phase  shift 
is  masked  by  the  front-side  reflectance  which  has  a zero  phase  shift,  and  the  result 
is  that  the  front-side  absorptance  shows  no  phase  shift. 

7. 2. 1.3  Fringe-averaged  absorptance  of  Sample  NIST  255 

At  each  temperature  the  fringe-averaged  absorptance,  with  YBa2Cu307_j  in 
the  normal  state,  is  virtually  constant  and  is  given  in  Table  7.1  for  both  the 
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front-side  and  the  back-side  incidence.  It  can  clearly  be  seen  that  the  back-side 


Table  7.1:  Fringe- averaged  front-side  absorptance  Af  and  back-side  absorptance 
Ab  with  YBa2Cu307_5  in  the  normal  state. 


T,K 

100 

200 

300 

Af 

0.30 

0.29 

0.21 

Ab 

0.55 

0.48 

0.40 

absorptance  is  higher  than  the  front-side  one.  Furthermore,  a similar  inequality 
can  be  expected  for  the  superconducting  state,  as  well:  indeed,  the  fringe-averaged 
front-side  reflectance  (Figure  6.21,  eye-ball  fringe-averaging)  is  always  greater  than 
the  back-side  one  (Figure  6.23,  eye-ball  fringe  averaging).  Therefore,  back-side 
illumination  leads  to  the  higher  absorptance  needed  for  making  more  sensitive 
detectors. 

7. 2. 1.4  Effect  of  the  film  thickness 

We  have  studied  the  effect  of  the  Yl^CuaCh-a-film  thickness  on  the  absorp- 
tance. All  parameters,  as  obtained  by  fitting  the  transmittance  and  reflectance 
data  at  100  K,  have  been  used,  except  for  the  YBa2Cu307_5-film  thickness  df , 
which  has  been  set  equal  to  a number  of  values  within  the  range  from  2 to  512  nm, 
in  order  to  calculate  the  respective  absorptance  values. 

Because  the  absorptance  is  calculated  from  the  reflectance  and  transmittance 
data  using  equation  7.1,  let  us  first  consider  how  those  contributing  components 
are  affected  by  the  thickness  of  the  YBCO  film. 

The  calculated  transmittance  spectra  for  an  imaginary  sample  with  all  param- 
eters equal  to  those  of  Sample  NIST  255  at  100  K,  except  for  the  thickness  of  the 


YBa2Cu307-<5  film  which  is  used  as  an  adjustable  parameter,  are  given  in  Fig- 
ure 7.3.  The  transmittance  maxima  from  the  top  panel  are  shifted  by  7 r rad  with 
respect  to  the  maxima  of  the  bottom  panel.  The  middle  panel  illustrates  the  pro- 
cess of  this  phase  shift3,  which  imposes  the  use  of  three  separate  panels  in  order  to 
avoid  an  entangled  mess  of  the  numerous  curves.  The  ordinate  scale  of  the  three 
panels  is  different! 

The  fringe-averaged  transmittance  falls  monotonically  as  the  YBCO  film 
becomes  thicker  and  more  opaque.  Initially  the  fringe  contrast  of  the  transmit- 
tance spectra  decreases  with  increasing  the  YBCO-film  thickness.  The  curve  with 
df  = 20  nm  has  a strongly  reduced  fringe  contrast  in  the  low  wave  number  range. 
This  is  due  to  the  antireflecttion  effect  discussed  in  the  previous  chapter.  There- 
fore at  some  YBCO-film  thickness  in  the  vicinity  of  df  = 20  nm  the  fringe  contrast 
must  vanish,  passing  through  its  minimum.  With  further  increasing  of  the  film 
thickness,  the  fringe  contrast  grows,  passes  through  a maximum  at  some  df  value 
between  32  and  64  nm,  and  starts  to  decline  as  the  film  is  becoming  too  thick. 
The  curve  with  df  = 512  nm  already  has  a very  low  fringe  contrast,  but  this  time 
it  is  simply  due  to  the  fact  that  the  relatively  thick  film  is  getting  close  to  being 
opaque  within  the  studied  spectral  range. 

The  calculated  front-side  reflectance  spectra  for  an  imaginary  sample  with  all 
parameters  equal  to  those  of  Sample  NIST  255  at  100  K,  except  for  the  thickness 
of  the  YBa2Cu307_«5  film  which  is  used  as  an  adjustable  parameter,  are  given  in 
Figure  7.4.  No  phase  shift  is  present  here  and  the  curves  are  not  entangled  or 

3It  must  be  noted  that  in  the  previous  chapter  the  film  thickness  is  fixed  (naturally)  for  any 
particular  sample  and  the  phase  change  therein  is  associated  with  a certain  phase-change  tem- 
perature at  which  the  phase  change  with  varying  the  temperature  is  fastest  and  a corresponding 
temperature  range  within  which  the  entire  phase  change  is  completed.  Similarly,  here  the  temper- 
ature is  fixed  (at  100  K)  and  therefore  the  phase  change  is  associated  with  a certain  phase-change 
thickness  of  the  YBCO  film  at  which  the  phase  change  with  varying  the  film  thickness  is  fastest 
and  a corresponding  film-thickness  range  in  which  the  entire  phase  change  is  completed. 
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YBCO  on  Si  at  100  K 

Parameters  from  Sample  NIST  255 


Wave  number,  cm' 

Figure  7.3:  Calculated  transmittance  vs.  wave  number,  with  the  thickness  of 
YBa2Cu307_5  film  as  an  adjustable  parameter,  for  a sample  similar  to  Sample 
NIST  255  at  100  K. 
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YBCO  on  Si  at  100  K 


Parameters  from  Sample  NIST  255 


20  40  60  80  100 

Wave  number,  cm'1 


Figure  7.4:  Calculated  front-side  reflectance  vs.  the  wave  number,  with  the 
YBa2Cu307_i-film  thickness  used  as  an  adjustable  parameter,  for  a sample  similar 
to  Sample  NIST  255  at  100  K. 
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overlapping  in  any  complicated  manner,  which  has  allowed  us  to  fan  out  all  the 
curves  on  a single  panel. 

The  fringe-averaged  reflectance  grows  monotonically  as  the  YBCO  film  becomes 
thicker,  which  is  accompanied  by  a monotonic  decrease  of  the  fringe  contrast  as  the 
increased  front-side  reflectance  dominates  over  the  fringes  caused  by  the  multiple- 
beam  interference  within  the  Si  substrate.  In  other  words,  the  fraction  of  infrared 
light  that  manages  to  traverse  the  film,  get  involved  in  the  multiple-beam  inter- 
ference, and  then  part  of  it  propagates  back  through  the  film  to  join  the  beam 
reflected  from  the  front  side  of  the  sample,  quickly  decreases  as  the  film  grows 
thicker  and  less  transparent. 

The  calculated  back-side  reflectance  spectra  for  an  imaginary  sample  with  all 
parameters  equal  to  those  of  Sample  NIST  255  at  100  K,  except  for  the  thickness 
of  the  YBa2Cu307_5  film  which  is  used  as  an  adjustable  parameter,  are  given  in 
Figure  7.5.  Again,  similarly  to  the  case  of  the  transmittance  spectra,  the  back- 
side reflectance  maxima  from  the  top  panel  are  shifted  with  respect  to  the  maxima 
of  the  bottom  panel.  The  middle  panel  illustrates  the  process  of  this  phase  shift. 
This  phase  shift  and  the  partial  overlap  of  the  various  curves  impose  once  again  the 
use  of  three  separate  panels  in  order  to  avoid  an  entangled  mess  of  the  numerous 
curves. 

Initially  both  the  fringe-averaged  back-side  reflectance  and  the  fringe  contrast 
of  the  back-side  reflectance  spectra  decrease  with  increasing  the  YBCO-film  thick- 
ness. As  was  the  case  with  the  transmittance,  the  curve  with  df  = 20  nm  has 
a strongly  reduced  fringe  contrast  in  the  low  wave  number  range.  This  is  due 
to  the  antireflecttion  effect  discussed  in  the  previous  chapter.  Therefore  at  some 
YBCO-film  thickness  in  the  vicinity  of  d/  = 20  nm  the  fringe  contrast  must  vanish, 
passing  through  its  minimum.  With  further  increasing  of  the  film  thickness,  the 
fringe  contrast  grows,  passes  through  a maximum  at  some  df  about  128  nm,  and 
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YBCO  on  Si  at  100  K 

Parameters  from  Sample  NIST  255 


20  40  60  80  100 


Wave  number,  cm" 

Figure  7.5:  Calculated  back-side  reflectance  vs.  wave  number,  with  the 

YBa2Cu307_<5-film  thickness  as  an  adjustable  parameter,  for  a sample  similar  to 
Sample  NIST  255  at  100  K. 
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starts  to  decline  as  the  film  is  becoming  thicker  and  getting  closer  to  a perfect 
reflector.  With  increasing  the  film  thickness  above  the  point  where  the  fringe  con- 
trast is  vanishing  at  low  wave  numbers,  the  fringe-averaged  back-side  reflectance 
grows  monotonically  and  is  as  high  as  0.70-0.75  at  df  = 512  nm. 

In  theory,  for  a bare  Si  substrate,  the  transmittance  and  reflectance  maxima 
are  Tmax  = 1 = 7 Zmax,  and  their  minima  are  Tmin  = 0 = 7 Zmin.  The  transmittance 
maxima  and  reflectance  minima  are  centered  at  the  wave  numbers  Um  — mAu, 
where  m is  an  integer,  and  A u = (2  nSl  4)'1  is  the  free  spectral  range  for  the 
wave  number.  At  100  K,  with  nSi  = 3.390,  and  dSi  = 203.7  //m  (for  Sample 
NIST  255),  we  get  A u = 7.24  cm-1.  Actually  a much  more  accurate  experimental 
value  for  the  free  spectral  range,  which  takes  into  account  all  the  intricacies  of 
the  multiple  beam  interference,  can  be  found  in  Table  6.7.  E.g.,  for  the  case  of 
transmittance  the  free  spectral  range  is  A u = 7.2065  cm-1. 

Conversely,  the  center  wave  numbers  for  the  reflectance  maxima  and  transmit- 
tance minima  are  given  by  i>m  = (m  + 1/2)  A it. 

As  a further  illustration  for  the  significance  of  the  YBCO  film,  the  values  of  the 
third  extrema  of  the  calculated  transmittance,  front-side  reflectance,  and  back-side 
reflectance  versus  the  YE^CuaOy-^-film  thickness  for  an  imaginary  sample  with 
all  parameters  equal  to  those  of  Sample  NIST  255  at  100  K,  except  for  the  thickness 
of  the  YBa2Cu307_,5  film  which  is  used  as  an  independent  variable,  are  plotted  in 
Figure  7.6.  The  maximum  values  are  given  in  the  top  panel  and  the  minimum 
values  in  the  bottom  panel.  Here  one  can  clearly  see  the  monotonic  decrease 
of  the  transmittance  and  the  monotonic  increase  of  the  front-side  reflectance.  All 
curves  initially  change  faster  and  then  the  slope  magnitude  gradually  decreases  and 
at  high  thicknesses  the  curves  asymptotically  become  horizontal.  This  holds  true 
for  both  the  minimum  and  maximum  value.  The  back-side-reflectance  maximum 
is  growing  steeply  at  very  low  thicknesses,  passes  through  a maximum,  then  falls 


Calculated  minimum  Calculated  maximum 


330 


YBCO  on  Si  at  100  K 

Paramaters  from  Sample  NIST  255 


YBCO  thickness,  nm 


Figure  7.6:  Calculated  values  of  the  third  extremum  for  transmittance  (T),  front- 
side reflectance  (R),  and  back-side  reflectance  (bR)  vs.  the  thickness  of  the 
YBa2Cu307_5  him  for  a sample  similar  to  Sample  NIST  255  at  100  K. 
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steeply  and  has  a minimum  around  20  nm,  after  which  it  grows  initially  fast  and 
then  its  slope  gradually  decreases  and  the  curve  tends  to  become  horizontal  at  very 
high  thicknesses.  The  minimum  in  the  vicinity  of  20  nm  occurs  when  the  effec- 
tive Fresnel  coefficient  for  back-side  reflectance  from  the  total  structure  vanishes 
(■ Tb  = 0),  i.e.,  when  df  « 20  nm. 

The  back-side-reflectance  minimum  is  zero  if  no  film  is  present  (naked  silicon 
plate),  then  grows  with  the  YBCO  thickness,  passes  through  a maximum  around 
20  nm,  then  falls  and  has  a minimum  around  90  nm,  after  which  it  grows  moder- 
ately fast  and  its  slope  gradually  decreases,  but  only  slightly  compared  with  the 
other  curves. 

Notably,  at  21  nm  the  transmittance  maximum  (0.21554)  and  minimum 
(0.19685)  are  almost  equal  which  means  that  the  transmittance  through  a sam- 
ple with  a film  of  such  a thickness  has  almost  no  fringes  and  is  almost  constant. 
Similarly,  at  20  nm  the  back-side  reflectance  maximum  (0.33140)  and  minimum 
(0.26526)  are  almost  equal  which  means  that  the  back-side  reflectance  from  a sam- 
ple with  a film  of  such  a thickness  has  almost  no  fringes  and  is  almost  constant, 
that  is  the  back-side  reflectance  from  a film  with  such  a thickness  is  independent 
of  the  frequency,  IZb  ~ 0.28,  which  is  also  equal  to  the  front-side  reflectance  mini- 
mum IZf  fa  0.28.  Furthermore,  most  likely  at  some  point  within  the  film-thickness 
range  20-21  nm  both  the  transmittance  and  back-side  reflectance  will  become  truly 
constant. 

Inspection  of  the  transmittance  maximum  and  back-side-reflectance  minimum 
curves  with  equation  7.1  in  mind,  makes  it  clear  that  one  can  expect  the  back-side 
absorptance  to  have  a maximum  at  some  thickness  within  the  range  90-120  nm 
where  both  the  transmittance  maximum  and  minimum,  as  well  as  the  back-side 
reflectance  minimum,  are  low. 
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The  calculated  spectral  positions  of  the  third  extrema  for  an  imaginary  sample 
with  all  parameters  equal  to  those  of  Sample  NIST  255  at  100  K,  except  for  the 
thickness  of  the  YBa2Cu307_5  film  which  is  used  as  an  independent  variable,  are 
shown  in  Figure  7.7.  The  spectral  position  of  the  third  maximum  versus  YBCO- 
film  thickness  can  be  found  in  the  top  panel  and  the  spectral  position  of  the  third 
minimum  is  presented  in  the  bottom  panel,  respectively.  Note,  that  unlike  the 
case  in  Figure  5 from  our  paper  [125]  (or  Figure  6.4  in  Kumar’s  dissertation  [120]) 
where  the  calculation  was  done  at  two  fixed  wave  number  values  (6.5  A u and 
7 A is,  corresponding  to  m = 6.5,  and  7)  where  the  extrema  should  presumably 
be,  here  the  extrema  have  been  hunted  in  their  exact  position  in  order  to  account 
for  the  significant  phase  change  that  is  present  in  the  film-thickness  range  from  0 
to  100  nm.  The  phase  change  is  occurring  faster  between  15  and  25  nm.  From 
40  nm  on,  all  transmittance  and  back-side-reflectance-extrema  curves  approach 
asymptotically  their  high-thickness  constant  value.  Curiously,  both  the  spectral 
positions  of  the  back-side-reflectance  maximum  and  minimum  show  a small,  very 
narrow  local  minimum  around  film  thickness  of  six  nm.  The  reason  for  this  is 
unclear.  The  position  of  the  reflectance  maximum  is  almost  constant  within  the 
entire  studied  thickness  range,  but  the  reflectance  minimum  experiences  a small 
variation  distributed  over  the  entire  studied  thickness  range.  This  causes  a slight 
asymmetric  variation  of  the  reflectance  fringes  with  the  thickness  of  the  YBCO 
film. 

Now  we  are  ready  to  consider  the  effect  of  the  YBCO-film  thickness  on  the 
absorptance.  The  calculated  front-side  absorptance  vs.  the  thickness  of  the 
YBa2Cu307_,5  film  for  an  imaginary  sample  with  all  parameters  equal  to  those 
of  Sample  NIST  255  at  100  K,  except  for  the  thickness  of  the  YBa2Cu307_j  film 
which  is  used  as  an  adjustable  parameter,  is  given  in  Figure  7.8.  How  these 
curves  originate  can  be  seen  by  taking  into  account  equation  7.1  and  juxtaposing 
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Paramaters  from  Sample  NIST  255 


Figure  7.7:  Calculated  spectral  positions  of  the  third  extremum  for  transmittance 
(T),  front-side  reflectance  (R),  and  back-side  reflectance  (bR)  vs.  the  thickness  of 
the  YBa2Cu307_<5  film  for  a sample  similar  to  Sample  NIST  255  at  100  K. 
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Figure  7.8:  Calculated  front-side  absorptance  vs.  the  thickness  of  the 

YBa2Cu307_5  him  for  a sample  similar  to  Sample  NIST  255  at  100  K. 
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the  transmittance  (Figure  7.3)  and  front-side  reflectance  (Figure  7.4).  Interest- 
ingly the  phase  shift  seen  in  the  transmittance  curves,  is  completely  masked  by 
the  higher  fringe  contrast  of  the  front-side  reflectance  curve  at  low  YBCO-film 
thickness  where  the  transmittance  is  completely  out  of  phase  with  the  front-side 
reflectance.  The  dominating  reflectance  has  no  phase  shift,  and  thus  no  phase 
shift  can  be  seen  in  the  front-side  absorptance  curves.  The  resultant  effect  is  just 
a slight  asymmetry  of  the  fringes  (the  high-wave-number  half  of  the  maxima  is 
wider  than  the  low-wave-number  half)  at  values  of  the  YBCO  thickness  exceeding 
16  nm. 

The  front-side  absorptance  maxima  (Figure  7.8)  are  centered  at  {pm  = m A is), 
whereas  the  front-side  absorptance  minima  are  centered  at  i>m  = (m  + 1/2)  A u, 
respectively,  for  the  whole  range  of  YBa2Cu307_<5  thicknesses  that  was  covered  in 
the  calculations.  Both  the  fringe-averaged  absorptance  and  the  fringe  contrast  of 
the  absorptance  grow  as  the  YBa2Cu307_5-film  thickness  is  increased  up  to  about 
20  nm,  pass  through  their  maxima,  and  then  diminish  as  df  is  increased  further. 

The  calculated  back-side  absorptance  vs.  the  thickness  of  the  YBa2Cu307_(5 
film  for  an  imaginary  sample  with  all  parameters  equal  to  those  of  Sample  NIST  255 
at  100  K,  except  for  the  thickness  of  the  YBa2Cu307_(5  film  which  is  used  as  an 
adjustable  parameter,  is  given  in  Figure  7.9.  How  these  curves  originate  can 
be  seen  by  taking  into  account  equation  7.1  and  juxtaposing  the  transmittance 
(Figure  7.3)  and  back-side  reflectance  (Figure  7.5).  Both  the  transmittance  and 
back-side  reflectance  are  characterized  by  a phase  shift  and  are  completely  out  of 
phase  over  the  whole  studied  spectral  range.  But  these  two  out-of-phase  spectra  do 
not  cancel  out  when  they  are  combined  into  the  back-side  absorptance:  the  latter 
is  dominated  by  the  back-side  reflectance.  Nevertheless,  the  spectral  positions 
of  the  back-side-absorptance  maxima  correspond  to  the  spectral  positions  of  the 
transmittance  maxima  because  of  the  negative  sign  in  equation  7.1. 
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Figure  7.9:  Calculated  back-side  absorptance  vs.  the  thickness  of  the 

YE^C^Or-^  film  for  a sample  similar  to  Sample  NIST  255  at  100  K. 
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The  back-side  absorptance  maxima  (Figure  7.9)  are  centered  at  (i)m  = m A i/), 
whereas  the  back-side  absorptance  minima  are  centered  at  [t/m  = (jn  + 1/2)  Au], 
respectively,  only  when  df  < 10  nm.  Within  the  YBa2Cu307_,5-thickness  range 
from  10  to  40  nm  approximately,  a gradual  phase  shift  occurs  so  that  when  df  > 
40  nm,  the  back-side  absorptance  maxima  are  centered  at  [u™  = (ra  + 1/2)  Ao;], 
and  the  back-side  absorptance  minima  are  centered  at  (u„  = m Au;),  respectively. 
Thus,  thin  YBa2Cu307_,s  films  are  characterized  by  back-side  absorptance  with 
exactly  the  opposite  phase  to  that  of  very  thin  films. 

From  Figures  7.8  and  7.9  it  can  be  seen  that  the  YE^C^Oy^-film  thickness 
has  a significant  effect  on  the  absorptance.  The  effect  is  especially  strong  for  the 
back-side  absorptance.  Increasing  the  YBa2Cu307_,5-film  thickness  makes  the  film 
more  opaque:  the  transmittance  is  decreasing  whereas  the  reflectance  is  increasing. 
The  competition  between  the  latter  two  trends  leads  to  the  existence  of  an  optimum 
YBa2Cu307_5  thickness  with  which  the  absorptance  would  be  maximum. 

At  100  K,  the  YBa2Cu307_5film  thickness  of  about  20  nm  corresponds  to  the 
back-side  antireflection  effect  of  the  Si  substrate  which  was  described  in  the  previ- 
ous chapter.  From  the  shown  results  of  the  calculations  with  twelve  values  of  the 
YBa2Cu307_<5  thickness,  it  can  be  concluded  that  both  the  fringe-averaged  and 
peak  back-side  absorptance  pass  through  a maximum  at  some  value  of  df  in  the 
range  from  70  to  90  nm.  This  rough  estimation  is  based  on  the  fact  that  according 
to  our  calculations,  at  df  = 64  nm  the  fringe-averaged  absorptance  is  ~ 0.60,  and 
the  peak  absorptance  is  ~ 0.87,  whereas  at  128  nm  we  found  the  second  highest 
values  ~ 0.29  and  ~ 0.53,  respectively.  The  maximum  is  local  however.  Indeed, 
after  a minimum  in  the  vicinity  of  df  = 128  nm,  both  the  average  and  peak  absorp- 
tance resume  their  growth  and  at  df  = 512  nm  already  exceed  the  local  maximum 
values.  Therefore  if  one  is  interested  in  far-infrared  detectors  the  choice  is  either 
back-side  illumination  of  films  with  either  df  =>  64  nm  or  df  > 500  nm. 
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Upon  comparing  the  bottom  panels  of  Figures  7.1  and  7.2,  it  can  be  seen 
that  at  100  K with  df  = 35  nm,  the  front-side-absorptance  maxima  are  approx- 
imately equal  to  the  back-side-absorptance  minima,  both  sets  of  which  are  spec- 
trally located  at  ( i>$  = m A i>).  The  relation  Ab  = Af  also  means  that 
7 Zb  = 11  f,  since  the  transmittance  values  for  front-side  and  back-side  incidence 
are  identical.  Another  way  to  reach  this  relation  is  to  assume  that  the  “round-trip” 
phase  change  within  the  Si  substrate  is  (t>Si  = rmr,  i.e.,  exp(i205i)  = 1.  As 
Kumar  [120,  p.  94]  has  suggested,  the  equality  between  the  front-side  and  back-side 
absorptance,  at  particular  frequencies  for  a given  temperature  and  YBa2Cu307_,5- 
film  thickness,  can  be  used  to  check  how  accurate  the  measurements  have  been. 

7.2.2  Absorptance  in  the  Superconducting  State 

The  absorptance  spectra  of  Sample  NIST  255,  with  YBa2Cu307_5  in  the  super- 
conducting state,  have  been  calculated  using  the  fits  to  the  transmittance  and 
reflectance  data.  Because  in  this  state  even  the  fringe-averaged  absorptance  is 
not  constant  within  the  whole  studied  spectral  range,  it  is  impossible  to  extend 
Table  7.1  simply  by  adding  of  a couple  of  new  columns  and  we  are  limited 
to  graphical  representation  only.  The  calculated  front-side  absorptance  for  the 
YBa2Cu307_,5  film  of  Sample  NIST  255  at  two  temperatures,  with  the  YBCO  film 
in  the  superconducting  state,  is  given  in  Figure  7.10  (at  50  K on  the  top  panel 
and  at  10  K on  the  bottom  panel).  The  calculated  back-side  absorptance  for  the 
YBa2Cu307_5  film  of  Sample  NIST  255  at  two  temperatures,  with  the  YBCO  film 
in  the  superconducting  state,  is  shown  in  Figure  7.11.  In  the  superconducting 
state,  both  the  fringe  contrast  of  the  absorptance  and  the  fringe- averaged  absorp- 
tance increase  with  frequency.  The  front-side  absorptance  minima  are  slightly 
shifted  in  frequency  from  those  of  the  back-side  absorptance.  The  shift  is  even 
stronger  for  the  respective  maxima.  This  shift  in  the  extrema  frequencies  is  due 
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Figure  7.10:  Front-side  absorptance  for  the  YBa2Cu307_5  film  of  Sample  NIST  255 
at  two  temperatures  in  the  superconducting  state. 
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Sample  NIST  255 


Figure  7.11:  Back-side  absorptance  for  the  YBa2Cu307_5  him  of  Sample  NIST  255 
at  two  temperatures  in  the  superconducting  state. 
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to  the  fact  that  the  frequencies  of  the  front-side-reflectance  extrema  are  shifted 
in  phase  by  n rad  with  respect  to  the  transmittance  extrema.  Additionally,  the 
amount  of  that  shift  depends  on  the  YBa2Cu307_a-film  thickness,  as  discussed  in 
the  previous  subsubsection  (7.2. 1.4).  Therefore,  the  frequencies  of  the  front-side 
absorptance  extrema  are  determined  by  a competition  between  the  contributions 
of  the  transmittance  and  front-side  reflectance. 

When  the  YBa2Cu307_,5  film  is  in  the  superconducting  state,  both  the  back- 
side and  front-side  absorptance  are  increasing  functions  of  the  temperature.  As 
the  temperature  is  lowered,  the  fraction  of  superconducting  electrons  f3  increases, 
which  can  be  seen  from  the  bottom  two  lines  in  Table  6.21.  The  absorptance 
in  the  superconducting  state  is  proportional  to  the  fraction  of  normal  electrons 
fn  = 1 — fa-  Thus,  the  decrease  of  fn  as  the  temperature  is  lowered,  leads  to  a 
respective  decrease  in  the  absorptance,  which  readily  explains  its  observed  tem- 
perature dependence. 

Even  within  the  spectral  range  from  40  to  100  cm-1  where  the  fringe- averaged 
front-side  absorptance  (Figure  7.10)  and  back-side  absorptance  (Figure  7.11)  in  the 
superconducting  state  are  relatively  high,  they  are  nevertheless  smaller  than  the 
corresponding  quantities  in  the  normal  state  (Figure  7.1  and  Figure  7.2).  Upon 
transition  from  the  superconducting  to  the  normal  state,  the  fringe  contrast  of 
the  front-side  absorptance  increases,  whereas  the  fringe  contrast  of  the  back-side 
absorptance  decreases,  respectively.  At  higher  frequencies  from  80  to  100  cm-1  the 
back-side  absorptance  is  as  high  as  0.8,  but  at  low  frequencies  from  10  to  30  cm-1  it 
approaches  or  is  even  lower  than  that  in  the  normal  state.  Therefore,  as  Kumar  has 
suggested  [120,  p.  95],  if  the  superconducting  thin  films  are  meant  to  be  operated 
as  far-infrared  detectors  at  very  low  frequencies,  a normal-metal  coating  of  the 
YBa2Cu307_5  film  may  be  used  in  order  to  raise  the  detector  absorptance. 
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7.3  Sample  NIST  256 

7.3.1  Absorptance  in  the  Normal  State 

7. 3. 1.1  Front-side  absorptance  of  Sample  NIST  256 

The  calculated  front-side  absorptance  for  the  YBa2Cu307_,5  film  of  Sample 
NIST  256  at  three  temperatures,  with  the  YBCO  film  in  the  normal  state,  is  given 
in  Figure  7.12  (at  300  K on  the  top  panel,  at  200  K on  the  middle  panel,  and  at 
100  K on  the  bottom  panel).  These  spectra  are  similar  to  the  respective  calculated 
spectra  for  Sample  NIST  255. 

7. 3. 1.2  Back-side  absorptance  of  Sample  NIST  256 

The  calculated  back-side  absorptance  for  the  YBa2Cu3  07_5  film  of  Sample 
NIST  256  at  three  temperatures,  with  the  YBCO  film  in  the  normal  state,  is  shown 
in  Figure  7.13.  As  can  be  expected,  the  absorptance  spectra  of  Sample  NIST  256 
are  very  similar  to  the  absorptance  spectra  of  Sample  NIST  255.  We  know  from 
Sample  NIST  255  that  in  the  vicinity  of  the  phase-switch  temperature  the  phase 
is  unstable  and  hard  to  model,  as  it  is  very  sensitive  to  even  small  uncertainties 
in  a number  of  parameters.  Though  we  are  lacking  the  measured  absorptance, 
the  calculated  back-side  absorptance  of  Sample  NIST  256  shows  a significantly 
reduced  fringe  contrast  (Figure  7.13,  middle  panel),  whereas  that  of  the  front-side 
absorptance  (Figure  7.12,  middle  panel)  is  very  high,  just  like  was  observed  for  both 
the  measured  and  calculated  back-side  absorptance  of  Sample  NIST  255.  Again, 
this  is  due  to  a phase-shift  of  n rad  found  in  both  the  transmittance  (Figure  6.25, 
from  top  to  bottom  panel)  and  back-side  reflectance  spectra  (Figure  6.29,  from  top 
to  bottom  panel)  when  the  100  K and  300  K curves  are  compared.  The  only  minor 
difference  is  that  for  Sample  NIST  256  the  exact  temperature  at  which  such  a phase 
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Figure  7.12:  Front-side  absorptance  for  the  YBa2Cu307-<s  film  of  Sample  NIST  256 
at  three  temperatures  in  the  normal  state. 
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Figure  7.13:  Back-side  absorptance  for  the  YBa2Cu307_(5  film  of  Sample  NIST  256 
at  three  temperatures  in  the  normal  state. 
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change  occurs  is  not  as  close  to  200  K as  it  is  for  Sample  NIST  255.  Nevertheless, 
the  phase  of  the  calculated  spectrum  at  200  K cannot  be  considered  to  be  very 
reliable  for  the  same  reasons  that  were  given  for  the  respective  spectrum  of  Sample 
NIST  255. 

7.3.2  Absorptance  in  the  Superconducting  State 

The  calculated  front-side  absorptance  for  the  YBa2Cu307_5  film  of  Sample 
NIST  256  at  two  temperatures,  with  the  YBCO  film  in  the  superconducting  state, 
is  given  in  Figure  7.14  (at  50  K on  the  top  panel  and  at  10  K on  the  bottom 
panel).  The  calculated  back-side  absorptance  for  the  YBa2Cu307_<5  film  of  Sample 
NIST  256  at  two  temperatures,  with  the  YBCO  film  in  the  superconducting  state, 
is  shown  in  Figure  7.15.  Once  more,  as  was  the  case  in  the  normal  state,  the 
calculated  absorptance  spectra  for  Sample  NIST  256  in  the  superconducting  state 
are  very  similar  to  the  respective  spectra  for  Sample  NIST  255. 

7.4  Sample  NIST  73 

Below  100  cm-1  the  measured  absorptance  spectra  of  Samples  NIST  73  and 
NIST  74  are  very  similar  to  the  respective  spectra  of  Samples  NIST  255  and 
NIST  256.  In  the  rest  of  the  covered  spectral  range  some  features  and  peculiarities 
appear.  Some  of  them  are  related  to  the  known  phonon  oscillators  characteriz- 
ing the  YBa2Cu307_<s  layer.  The  most  prominent  features  from  the  YSZ  layer 
and  the  wide  phonon  characterizing  the  Si02  layer  are  contributing  to  the  total 
absorptance,  too.  Additionally,  there  are  some  unwanted  parasitic  effects,  such  as 
unnatural  modulation  of  the  absorptance  fringes  and  even  negative  absorptance 
(which  if  it  were  true  would  imply  that  there  was  a source  of  free  energy  within 
the  YBCO  layer).  The  reasons  for  these  artificial  effects  are  the  following:  the 
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Figure  7.14:  Front-side  absorptance  for  the  YBa2Cu307_,5  film  of  Sample  NIST  256 
at  two  temperatures  in  the  superconducting  state. 
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Figure  7.15:  Back-side  absorptance  for  the  YBa2Cu307_5  film  of  Sample  NIST  256 
at  two  temperatures  in  the  superconducting  state. 
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reflectance  and  transmittance  have  not  been  measured  simultaneously  during  the 
same  measurement,  and  the  transmittance  has  been  measured  at  normal  incidence, 
whereas  the  reflectance  has  been  measured  at  an  incidence  which  is  slightly  oblique. 
Even  though  the  difference  in  the  apparent  thickness  of  the  Si  substrate  from  one 
traversing  of  the  sample  is  relatively  small,  because  of  the  multiple-beam  interfer- 
ence such  a small  difference  is  compounded  and  may  result  in  a noticeably  large 
effective  difference.  Furthermore,  that  effect  is  dependant  on  the  single-bounce 
reflectivity  from  both  interfaces  and  clearly  the  reflectivity  of  the  film-side  inter- 
face is  strongly  dependant  on  both  the  temperature  and  the  wave  number.  As  a 
result  the  dephasing  of  the  reflectance  fringes  from  the  corresponding  fringes  of  the 
transmittance  increases  non-linearly  with  the  wave  number.  This  parasitic  effect 
can  be  avoided  in  various  ways: 

1.  the  best  way  is  to  measure  both  the  transmittance  and  reflectance  simulta- 
neously and  at  normal  incidence,  but  it  would  require  non-trivial  hardware 
changes  to  the  interferometer; 

2.  maybe  the  second  best  way  would  be  to  rescale  the  apparent  thickness  of  the 
silicon  layer  for  the  reflectance  in  such  a way  that  the  reflectance  fringes  are 
forced  to  correspond  in  their  spectral  position  to  the  transmittance  fringes; 

3.  another  way  to  handle  the  situation  with  the  available  as-is  data  is  to  con- 
sider either  the  fringe- averaged  absorptance,  or  the  Fourier-transform  filtered 
absorptance; 

4.  the  easiest  and  fastest  way  is,  after  realizing  what  causes  the  strange  pecu- 
liarities, to  ignore  them  and  resort  to  eye-ball  fringe  averaging. 


As  this  dissertation  is  too  thick  already,  the  latter  lazy  approach  beats  them  all. 
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Additionally,  some  fraction  of  the  difference  between  the  measured  and  calcu- 
lated absorptance  can  be  attributed  to  the  effect  of  partial  coherence,  which  was 
mentioned  in  the  previous  chapter,  and  which  is  especially  strong  for  the  case  of 
reflectance. 

7.4.1  Absorptance  in  the  Normal  State 

7. 4. 1.1  Front-side  absorptance  of  Sample  NIST  73 

The  measured  and  calculated  front-side  absorptance  for  the  YBa2Cu307_,5  film 
of  Sample  NIST  73  at  three  temperatures,  with  the  YBCO  film  in  the  normal 
state,  is  given  in  Figure  7.16  (at  300  K on  the  top  panel,  at  200  I<  on  the  middle 
panel,  and  at  100  K on  the  bottom  panel).  The  calculated  front-side  absorptance 
spectra  are  similar  to  the  measured  front-side  absorptance,  but  is  characterized  by 
much  higher  fringe  contrast  because  of  the  partial  coherence  of  the  slightly  wedged 
samples. 

7. 4. 1.2  Back-side  absorptance  of  Sample  NIST  73 

The  measured  and  calculated  back-side  absorptance  for  the  YBa2Cu307_,5  film 
of  Sample  NIST  73  at  three  temperatures,  with  the  YBCO  film  in  the  normal 
state,  is  shown  in  Figure  7.17.  The  match  between  the  measured  and  calculated 
back-side  absorptance  spectra  is  impressive.  These  spectra  hint  that  for  Sample 
NIST  73  the  antireflecttion  and  the  related  phase  switch  occur  in  the  vicinity  of 
100  K.  Indeed,  the  curve  at  100  K shows  a reduced  fringe  contrast  below  about 
140  cm-1,  and  in  that  same  spectral  range  the  phase  of  the  measured  absorptance 
gradually  changes  and  at  the  lowest  wave  numbers  is  opposite  to  the  phase  of  the 
calculated  absorptance. 


350 


Normal-State  YBCO  on  Si 

Sample  NIST  73 


measured  at  300  K 


0 


100  200  300  400  500  600 


Wave  number,  cm'1 


Figure  7.16:  Front-side  absorptance  for  the  YBa2Cu307_5  film  of  Sample  NIST  73 
at  three  temperatures  in  the  normal  state. 
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Normal-State  YBCO  on  Si 

Sample  NIST  73 


Figure  7.17:  Back-side  absorptance  for  the  YBa2Cu307-a  film  of  Sample  NIST  73 
at  three  temperatures  in  the  normal  state. 
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7.4.2  Absorptance  in  the  Superconducting  State 

The  measured  and  calculated  front-side  absorptance  for  the  YBa2Cu307_^  film 
of  Sample  NIST  73  at  three  temperatures,  with  the  YBCO  film  in  the  supercon- 
ducting state,  is  given  in  Figure  7.18  (at  50  K on  the  top  panel,  at  20  K on  the 
middle  panel,  and  at  10  K on  the  bottom  panel).  The  correspondence  between 
the  measured  and  calculated  spectra  here  is  not  good.  At  low  wave  numbers 
the  discrepancy  is  due  to  the  difference  between  the  reflectance  and  its  fit  (Fig- 
ure 6.34).  A much  better  calculated  absorptance  could  be  obtained  if  the  alternate 
reflectance  fit  (Figure  6.35)  were  used.  Because  of  the  different  apparent  thick- 
ness of  the  Si  substrate  obtained  from  the  transmittance  and  front-side  reflectance 
measurement  (Table  6.13),  as  the  wave  number  is  increased  the  shift  between  the 
respective  fringes  of  the  transmittance  and  front-side  reflectance  increases.  This 
leads  to  misleading  negative  values  of  the  calculated  front-side  absorptance  above 
480  cm-1.  The  fact  that  this  effect  is  absent  for  the  measured  absorptance  shows 
that  the  latter  has  somewhat  reduced  fringe  contrast  due  to  the  partial  coherence. 
On  the  other  hand,  the  fact  that  the  effect  in  question  is  absent  in  the  normal  state 
may  be  an  indication  that  at  low  temperatures  temperature  gradients  within  the 
cold  finger  of  the  cryostat  and  the  sample  holder  may  be  causing  a slight  displace- 
ment of  the  sample  from  its  optimum  position  which  can  compromise  the  optical 
alignment. 

The  measured  and  calculated  back-side  absorptance  for  the  YBa2Cu307_<5  film 
of  sample  NIST  73  at  three  temperatures,  with  the  YBCO  film  in  the  supercon- 
ducting state,  is  shown  in  Figure  7.19  (at  50  K on  the  top  panel,  at  20  K on  the 
middle  panel,  and  at  10  K on  the  bottom  panel).  Here  the  calculated  absorptance 
curves  follow  the  measured  absorptance  curves  quite  well. 
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Figure  7.18:  Front-side  absorptance  for  the  YBa2Cu307_5  film  of  Sample  NIST  73 
at  three  temperatures  in  the  superconducting  state. 
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Figure  7.19:  Back-side  absorptance  for  the  YBa2Cu307_5  film  of  sample  NIST  73 
at  three  temperatures  in  the  superconducting  state. 
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7.5  Sample  NIST  74 

7.5.1  Absorptance  in  the  Normal  State 

7. 5. 1.1  Front-side  absorptance  of  Sample  NIST  74 

The  measured  and  calculated  front-side  absorptance  for  the  YBa2Cu307_<5  film 
of  Sample  NIST  74  at  three  temperatures,  with  the  YBCO  film  in  the  normal 
state,  is  given  in  Figure  7.20  (at  300  K on  the  top  panel,  at  200  K on  the  middle 
panel,  and  at  100  K on  the  bottom  panel).  The  top  and  bottom  envelopes  of  the 
calculated  absorptance  generally  follow  the  envelopes  of  the  measured  absorptance, 
but  for  a down  shift  which  we  cannot  explain. 

7. 5. 1.2  Back-side  absorptance  of  Sample  NIST  74 

The  measured  and  calculated  back-side  absorptance  for  the  YBa2Cu307_<5  film 
of  sample  NIST  74  at  three  temperatures,  with  the  YBCO  film  in  the  normal  state, 
is  shown  in  Figure  7.21.  In  the  upper  third  of  the  studied  spectral  range  the 
correspondence  between  the  calculated  and  measured  absorptance  is  reasonable. 
At  lower  wave  numbers  the  general  appearance  of  the  two  is  similar,  but  the  match 
is  not  that  good.  The  calculated  spectra  imply  that  the  non-reflection  and  the 
phase  shift  occur  somewhere  around  200  K,  whereas  the  measured  data  suggest 
that  this  happens  somewhere  around  100  K. 

7.5.2  Absorptance  in  the  Superconducting  State 

The  measured  and  calculated  front-side  absorptance  for  the  YBa2Cu307_,5  film 
of  Sample  NIST  74  at  three  temperatures,  with  the  YBCO  film  in  the  supercon- 
ducting state,  is  given  in  Figure  7.22  (at  50  K on  the  top  panel,  at  20  K on  the 
middle  panel,  and  at  10  K on  the  bottom  panel).  At  10  K and  20  K the  correspon- 
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Figure  7.20:  Front-side  absorptance  for  the  YBa2Cu307_j  film  of  sample  NIST  74 
at  three  temperatures  in  the  normal  state. 
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Figure  7.21:  Back-side  absorptance  for  the  YBa2Cu307_5  film  of  sample  NIST  74 
at  three  temperatures  in  the  normal  state. 
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Figure  7.22:  Front-side  absorptance  for  the  YBa2Cu307_5  film  of  sample  NIST  74 
at  three  temperatures  in  the  superconducting  state. 
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dence  between  the  measured  and  calculated  front-side  absorptance  is  reasonable, 
but  the  difference  increases  at  lower  wave  numbers  and  becomes  especially  large 
at  300  K. 

The  measured  and  calculated  back-side  absorptance  for  the  YBa2Cu307_5  film 
of  sample  NIST  74  at  three  temperatures,  with  the  YBCO  film  in  the  supercon- 
ducting state,  is  shown  in  Figure  7.23  (at  50  K on  the  top  panel,  at  20  K on  the 
middle  panel,  and  at  10  K on  the  bottom  panel).  The  match  between  calculated 
and  measured  absorptance  is  good  except  at  the  lowest  wave  numbers. 
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Figure  7.23:  Back-side  absorptance  for  the  YBa2Cu307_5  film  of  sample  NIST  74 
at  three  temperatures  in  the  superconducting  state. 


CHAPTER  8 

FABRY-PEROT  RESONATORS 

8.1  Introduction 

This  chapter  presents  our  measurements  of  transmittance  through  Fabry-Perot 
resonators.  It  includes  a review  of  previous  studies,  a description  of  the  mea- 
surements, the  measured  and  calculated  transmittance,  as  well  as  analysis  of  the 
data,  and  discussion  of  the  results.  The  latter  covers  the  optimization  of  the  res- 
onance transmittance,  as  well  as  the  effect  of  the  thickness  of  the  gap  and  the 
YBa2Cu307_5-film  thickness  on  the  transmittance. 

The  theoretical  background  for  the  Fabry-Perot  resonators  was  given  in  Sec- 
tion 3.5.  The  resonators  which  we  have  studied  were  made  using  YBa2Cu307_6 
films  on  Si  substrates  as  reflectors.  The  two  samples  were  mounted  on  a sample- 
holder,  with  the  Si  substrates  to  the  outside,  and  the  YBa2Cu307_a  films  to  the 
inside,  facing  each  other.  They  were  kept  apart  by  a suitable  spacer,  which  deter- 
mined the  thickness  of  the  vacuum  gap  separating  the  two  YBa2Cu307_<5  films. 
The  structure  described  above  for  the  case  of  Fabry-Perot  resonators  1 and  2 
made  with  Samples  NIST  255  and  NIST  256  is  illustrated  in  Figure  8.1.  The 
nominal  thickness  for  all  layers  is  shown.  The  configuration  is  for  transmittance 
measurement.  In  order  to  avoid  unnecessary  complication  of  the  picture,  only 
first-order  reflections  from  each  interface  are  shown  on  the  figure.  In  reality  as 
a result  of  the  multiple  beam  interference  within  every  layer,  the  beams  trans- 
mitted through  each  interface  are  the  result  of  the  superposition  of  an  infinite 
number  of  partial-beam  components  whose  amplitude  quickly  decreases  as  their 
order  increases.  The  samples  that  were  used  as  reflectors  for  Fabry-Perot  res- 
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Figure  8.1:  Structure  of  Fabry-Perot  resonators  1 and  2 made  of  Samples  NIST  255 
and  NIST  256  in  a configuration  for  transmittance  measurements. 
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onators  1 and  2 had  been  measured  previously.  Their  transmittance,  front-side 
reflectance,  back-side  reflectance,  as  well  as  front-side  absorptance  and  back-side 
absorptance  were  covered  in  Chapter  6 and  7,  respectively. 

For  our  earlier  measurements  (see  Kumar  et  al.  [37]),  we  selected  Samples 
NIST  255  and  NIST  256,  which  had  the  closest  characteristics  from  the  batch  of 
samples  that  we  had  measured  at  that  time.1  We  measured  two  Fabry- Perot  res- 
onators made  of  Samples  NIST  255  and  NIST  256,  with  two  different  spacers.  Our 
Fabry-Perot  resonator  1 had  a copper  spacer  550  /rm  thick,  whereas  the  polyimide 
spacer  of  Fabry-Perot  resonator  2 was  132  /tm  thick. 

In  order  to  make  the  two  samples  as  identical  as  possible,  our  more  recent 
measurements  were  done  on  two  pieces  of  Sample  NIST  73.  The  latter  were  used 
as  reflectors  for  our  Fabry-Perot  resonator  3. 

The  structure  of  Fabry-Perot  resonator  3,  made  of  two  pieces  from  Sample 
NIST  73  is  illustrated  in  Figure  8.2.  The  nominal  thickness  for  all  layers  is  shown. 
The  configuration  is  for  transmittance  measurement.  In  order  to  avoid  unnecessary 
complication  of  the  picture,  only  first-order  reflections  from  each  interface  are 
shown  on  the  figure.  In  reality  as  a result  of  the  multiple  beam  interference  within 
every  layer,  the  beams  transmitted  through  each  interface  are  the  result  of  the 
superposition  of  an  infinite  number  of  partial-beam  components  whose  amplitude 
quickly  decreases  as  their  order  increases. 

Additionally,  a second-generation  sample-holder  was  designed.  It  had  provi- 
sions for  coarse  setting  of  the  gap  by  means  of  a compression  O-ring,  and  fine- 
tuning  by  a piezo-electric  crystal  tube.  Unfortunately,  we  found  that  the  O-ring, 
when  frozen  at  low  temperatures,  changes  its  mechanical  properties  significantly. 
As  a result  the  gap  thickness  changed  with  temperature. 

1The  performance  of  a Fabry-Perot  resonator  would  be  optimum  provided  its  two  reflectors 
are  identical,  and  their  reflectance  is  as  high  as  possible. 
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Figure  8.2:  Structure  of  Fabry- Perot  resonator  3 made  of  two  halves  of  Sample 
NIST  73  and  in  a configuration  for  transmittance  measurements. 
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To  overcome  this  problem,  and  to  improve  the  quality  of  the  tuning,  we  designed 
a third-generation  sample-holder  which  will  be  inherited  by  the  next  student/s 
who  is/are  to  continue  work  on  this  project.  It  allows  for  coarse  adjustment  of  the 
gap  by  three  screws,  and  fine  tuning  by  using  three  piezo-electric  stacks  offered 
commercially  by  Thorlabs,  Inc. 

The  transmittance  through  Fabry-Perot  resonators  1 and  2 was  measured  in 
the  spectral  range  from  10  to  90  cm-1  at  five  fixed  temperatures:  three  with  the 
YBa2Cu307_(5  in  the  normal  state  (300,  200  and  100  K)  and  two  in  the  supercon- 
ducting state  (50  and  10  K). 

The  transmittance  through  Fabry-Perot  resonator  3 was  measured  in  the 
spectral  range  from  20  to  600  cm_1at  six  fixed  temperatures:  three  with  the 
YBa2Cu307_5  in  the  normal  state  (300,  200  and  100  K)  and  three  in  the  supercon- 
ducting state  (50,  20,  and  10  K),  but  unfortunately  our  second-generation  Fabry- 
Perot  sample-holder  failed  at  low  temperatures  and  therefore  only  the  results  at 
300  K can  be  deemed  successful. 

8.2  Theoretical  Background  of  Superconducting  Fabry-Perot 

Resonators 

For  our  Fabry-Perot  resonators  we  can  readily  apply  the  theory  of  a simple 
plane  Fabry-Perot  resonator,  covered  in  Section  3.5.  We  only  need  to  add  some 
pertinent  remarks  here. 

It  can  be  shown  that  any  multi-layered  resonator  structure  can  be  reduced  to 
an  effective  simple  resonator  with  two  interface  surfaces.  This  can  be  done  by 
first  identifying  the  two  main  reflecting  interfaces  (i.e. , the  two  inner-most  inter- 
faces characterized  by  significant  single-interface  reflectances),  and  then  using  the 
method  of  Rouard  [30]  twice:  once,  to  reduce  all  interfaces,  within  the  range  bound 
by  the  radiation-exit  side  of  the  resonator  structure  and  the  middle  plane  between 
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the  two  main  reflecting  interfaces  of  the  resonator,  to  the  second  effective  reflect- 
ing interface;  and  a second  time,  to  reduce  all  interfaces,  within  the  range  bound 
by  the  middle  plane  between  the  two  main  reflecting  interfaces  of  the  resonator 
structure  and  its  radiation-incidence  side,  to  the  first  effective  reflecting  interface. 
The  so-obtained  two  effective  reflectors  will  be  denoted  with  the  Roman  numbers 
II  and  /,  respectively,  used  as  subscripts.  The  unusual  order,  from  high  to  low, 
was  imposed  by  Rouard’s  method  which  starts  from  the  radiation-exit  layer,  and 
ends  with  the  radiation-entry  layer. 

When  we  are  dealing  with  a multi-layered  resonator  structure,  rather  than  a 
simple  Fabry-Perot  resonator,  in  addition  to  the  primary  or  major  fringes  (those 
with  the  highest  fringe  contrast)  there  will  be  fringes  of  smaller  fringe  contrast, 
whose  free  spectral  range  is  governed  by  the  secondary,  tertiary,  etc.  reflecting 
interfaces.  If  the  resonator  structure  is  symmetric  with  respect  to  the  middle 
plane,  we  have  a degenerate  case,  that  is,  the  minor  (secondary,  tertiary,  etc.) 
fringes  due  to  side  I would  coincide  with  those  due  to  side  II.  On  the  other  hand, 
the  asymmetric  picture,  where  such  a coincidence  is  not  present  in  general  for  all 
minor  fringes  (but  is  still  accidentally  possible  for  some  special  ones),  can  be  very 
complicated. 

Initially,  the  presence  of  minor  fringes  cannot  be  readily  seen  from  equation 
3.202,  because  by  means  of  oscillating  single-effective-interface  reflectance  R and 
transmittance  T (with  subscripts  I or  II,  respectively),  they  are  hidden  into  F 
and  Tres , as  defined  by  equations  3.200  and  3.201.  We  can  also  return  back  to 
equation  3.196  and  note  that  the  primary  (major)  fringes  are  due  to  the  sine 
function,  whereas  the  minor  fringes  are  due  to  oscillations  of  R and  T , as  mentioned 
in  the  previous  sentence. 

Due  to  coupling  of  the  primary  set  of  fringes  with  the  minor  ones,  and  the 
assumptions  that  were  made  (neglected  frequency  dependence  of  the  resonant 
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transmittance  and  the  phase  changes  upon  reflection — see  Section  3.5),  the  actual 
characteristics  (such  as  finesse,  bandwidth,  resonant  transmittance  as  well  as  fre- 
quencies of  the  maxima,  half-maxima,  and  minima)  of  the  resonator  structure  may 
differ  slightly  (and  sometimes  even  significantly)  from  the  simple  results  obtained 
in  Section  3.5.  Also,  when  the  primary  fringes  have  a very  high  fringe  contrast, 
the  minor  fringes  may  be  masked  in  a narrow  spectral  ranges  centered  about  each 
major  minimum. 

As  the  order  of  the  set  of  fringes  increases,  in  most  cases  its  fringe  contrast 
approaches  zero  very  fast.  Additionally,  very  thin  layers  will  produce  fringes  with 
a very  high  free  spectral  range — as  a result  the  whole  studied  spectral  range  can 
lie  entirely  close  about  the  wide  minor  maximum.  Moreover,  since  the  high-order 
(above  secondary)  interfaces  normally  have  much  lower  reflectance,  the  respective 
minor  fringe  contrast  will  be  very  low.  Thus,  high-order  fringes  may  be  hard  to  find, 
especially  when  the  single-interface  reflectance  of  the  primary  and/or  secondary 
interfaces  is  significantly  higher  than  that  of  higher-order  interfaces. 

In  our  measurements  we  have  observed  only  primary  (due  to  a resonance  within 
the  vacuum  gap),  and  tertiary  (due  to  a resonance  within  the  Si  substrate)  fringes. 
Because  of  the  very  small  thickness  of  the  YBa2Cu307_j  layer,  the  secondary 
fringes,  due  to  a resonance  within  that  latter,  have  a very  high  free  spectral  range 
and  cannot  be  observed  within  the  studied  spectral  range.  All  other  layers  (buffer 
layers,  and  SiC^)  are  either  very  thin,  or  with  interfaces  characterized  by  low 
reflectance,  or  both.  Therefore,  fringes  of  no  higher  order  than  tertiary  have  been 
(or  can  be)  observed. 

Let  us  denote  the  secondary  optical  thickness,  i.e.,  the  optical  thickness 
of  the  medium  between  the  primary  and  secondary  reflecting  interfaces,  with 
dsec  — Ylj  njdj  (the  sum  is  over  all  layers  between  the  primary  and  secondary 
interface).  Then  the  vacuum-gap  thickness  d can  be  called  primary  optical  thick- 
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ness.  Now,  when  dsec  < d the  primary  free  spectral  range  is  smaller  than  the 
secondary  one,  or  in  other  words  the  primary  maxima  are  more  (less)  frequent 
than  the  secondary  ones.  Conversely,  when  dsec  > d the  primary  free  spectral 
range  is  bigger  than  the  secondary  one,  or  in  other  words  the  primary  maxima  are 
less  frequent  than  the  secondary  ones.  Since  in  our  particular  case  the  secondary 
fringes  are  not  observable,  the  reasoning  in  this  and  next  paragraph  can  still  be 
valid  if  we  replaced  “secondary”  (sec)  with  “tertiary”  (ter).  Note  that  when  con- 
ducting layers  are  present,  their  refractive  index,  and  hence  their  optical  thickness, 
are  complex  quantities. 

Through  fine  tuning  of  the  vacuum-gap  thickness  d,  the  latter  can  be  made 
commensurate  to  the  secondary  optical  thickness  dsec.  When  that  is  done,  either 
(if  dsec  > d)  each  primary  maximum  will  coincide  with  one  of  the  secondary  ones, 
or  (if  dsec  < d)  each  secondary  maximum  will  coincide  with  one  of  the  primary 
ones.  A commensurately-tuned  Fabry-Perot  resonator  would  be  able  to  operate  at 
a number  of  narrow  spectral  ranges  centered  about  its  lower-order  primary  fringes 
and  therefore  it  can  act  as  a comb-filter.  It  must  be  noted  here,  that  when  d <C  dsec 
the  resonator  is  commensurately  self-tuned:  the  minor  fringes  are  so  frequent  that 
inevitably  one  of  them  will  be  in  the  vicinity  of  some  major  fringe.  Additionally, 
when  d dsec,  the  resonator  is  also  commensurately  self-tuned:  the  major  fringes 
are  so  frequent  that  inevitably  one  of  them  will  be  in  the  vicinity  of  some  minor 
fringe. 

Alternately,  one  can  choose  to  count  only  the  essential  interfaces — those  that 
cause  observable  fringes.  If  that  choice  were  made,  in  the  special  case  of  our 
resonators,  what  I called  above  tertiary  fringes  would  become  secondary  ones. 
Such  renumbering  could  cause  confusion,  though. 

Finally,  if  one  is  interested  in  selective  tuning  for  a particular  narrow  spectral 
range,  one  can  use  incommensurate  tuning  which  causes  only  one  of  the  primary 
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maxima  to  coincide  with  one  of  the  minor  maxima,  suppressing  all  others  to  a cer- 
tain extend.  This  effect  was  mentioned  in  our  paper  [37]  and  the  dissertation  of  my 
collaborator  A.  R.  Kumar  [120],  though  we  had  not  coined  the  term  incommensu- 
rate tuning  yet.  Because  of  the  commensurate  self-tuning  phenomenon  mentioned 
earlier,  incommensurate  tuning  is  practical  only  when  d ~ dsec. 

Fabry-Perot  resonators,  pre-tuned  during  manufacture  can  be  produced  by 
using  Si  substrates,  covered  with  buffer  layers  and  YBa2Cu307_(5  films  on  both 
sides.  This  will  decrease  the  tertiary  fringe  contrast  by  a factor  of  two  (as  a single 
substrate  is  used  instead  of  two),  but  the  price  to  pay  is  that  post-manufacture 
tuning  will  be  impossible  or  at  least  hard  to  do — one  has  to  find  ways  to  control 
either  the  thickness  or  the  refractive  index  of  the  substrate. 

A number  of  methods,  like  Rouard’s,  Vasfcek’s,  Crook’s  [30],  and  the  transfer- 
matrix  method  [30,159,165,120],  can  be  used  for  numerical  calculation  of  the  trans- 
mittance of  the  multi-layered  resonator  structure.  However,  equations  3.196-3.202 
separate  the  contribution  of  major  and  minor  resonances  in  a very  “transparent” 
way,  which  make  them  convenient  for  discussion  and  analysis  of  our  experimental 
data. 


8.3  Review  of  Previous  Studies 

Soon  after  the  discovery  of  high-temperature  superconductors  [166],  thin  films 
of  such  materials,  deposited  on  transparent-in-the-far-infrared  substrates,  were 
considered  as  a potential  substitute  for  the  metal-mesh  reflectors  normally  used  in 
far-infrared  resonators  [157].  Metallic  meshes  are  characterized  by  a high  normal- 
type  conductivity.  Electrical  currents,  induced  into  the  mesh  wires  by  electro- 
magnetic radiation,  lead  to  Joule  losses.  Therefore  metallic  meshes  absorb  in  the 
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infrared  spectral  range  [167],  and  such  absorption  lowers  the  finesse  of  the  res- 
onators. 

Superconducting  electrons,  on  the  other  hand,  do  not  have  Joule  losses,  i.e., 
they  do  not  absorb,  for  frequencies  up  to  that  corresponding  to  the  respective 
energy  gap  of  the  superconductor.  For  high-temperature  superconductors,  the  gap 
frequency  is  within  the  far-infrared  spectral  range.  Therefore,  using  such  materials 
as  reflectors  of  Fabry-Perot  resonators  is  expected  to  lead  to  higher  finesse  values 
than  those  obtained  with  metal-mesh  reflectors.  But  due  to  the  fact  that  in  thin 
superconducting  film  a certain  fraction  of  the  electrons  remains  in  the  normal 
state  even  at  very  low  temperatures,  some  residual  absorption  is  still  present  in 
superconducting  Fabry-Perot  resonators,  too.  However,  as  an  additional  bonus, 
by  being  more  opaque  at  high  frequencies  than  metallic  meshes,  high-temperature 
superconductors  suppress  the  parasitic  sensitivity  to  such  high-frequency  radiation 
[157]. 

Renk  et  al.  [157]  reported  using  high-temperature  superconducting  thin  films 
as  reflectors  in  Fabry-Perot  resonators  for  the  spectral  range  bound  from  above  by 
300  cm-1.  Their  reflectors  were  YBa2Cu307_(5  Alms  of  thickness  100  nm  deposited 
on  MgO  substrates  of  thickness  1 mm,  separated  by  a cavity  of  length2  44  pm. 
They  obtained  peak  transmittance  about  0.016  with  a finesse  F ca.  30  for  the 
first-order  resonance.  The  low  value  of  the  resonant  transmittance  is  caused  by 
using  relatively  thick  YBa2Cu307_,5  films. 

Wiese  et  al.  [168]  used  a resonator  made  of  two  different  reflectors:  a 50  nm- 
thick  YBa2Cu307_5  film  deposited  on  a 0.35  mm-thick  MgO  substrate,  and  a 
70  nm-thick  YBa2Cu307_^  film  deposited  on  a 0.25  mm-thick  MgO  substrate. 
They  reported  peak  transmittance  about  0.16  and  finesse  F ca.  55  for  the  first- 


2Herein,  we  prefer  to  use  ’’thickness  of  the  gap”  rather  than  ’’cavity  length”. 
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order  resonance  positioned  ca.  80  cm-1.  This  was  a move  in  the  right  direction: 
the  peak  transmittance  can  be  sufficiently  high  only  when  the  YE^CusCb-a  films 
are  thin  enough,  otherwise  the  above-mentioned  residual  absorption  would  waste 
a significant  part  of  the  incident  infrared  radiation.  But  using  an  asymmetric 
resonator  is  counter-productive  as  it  lowers  the  transmittance. 

Pechen  et  al.  [169]  used  as  reflectors  30  nm-thick  YBa2Cu307_5  films  deposited 
on  0.5  mm-thick  Si  substrates.  At  10  K,  for  the  first-order  resonance  in  the  vicinity 
of  60  cm-1,  they  measured  peak  transmittance  about  0.6  and  finesse  F ca.  20. 
Their  peak  transmittance  exceeded  the  accomplishments  from  the  previous  studies, 
but  the  resonance  in  the  substrates  lead  to  strong  sidebands  (in  the  preceding 
section  I called  them  tertiary  fringes)  that  overlap  the  main  resonance  peaks. 

We  used  thinner  Si  substrates  [120,37],  which  allowed  us  to  separate  the  primary 
resonance  from  the  minor  fringes  due  to  parasitic  interference  within  the  substrates. 

8.4  Measured  Fabry- Perot  Transmittance 

A cross-section  of  our  early  Fabry- Perot  resonators  is  shown  in  Figure  8.1.  For 
these  earlier  measurements  of  Fabry-Perot  resonator  we  used  as  reflectors  Samples 
NIST  255  and  NIST  256.  Their  transmittance,  front-side  reflectance  and  back-side 
reflectance  were  presented  in  Chapter  6,  and  their  front-side  absorptance  and  back- 
side absorptance  were  covered  in  Chapter  7.  The  two  films  are  held  at  a distance  by 
means  of  a wafer-like  spacer  that  determines  the  thickness  of  the  vacuum  cavity  of 
the  structure.  Our  Fabry-Perot  resonator  1 had  a copper-plate  spacer  of  thickness 
550  /jm,  whereas  the  Fabry-Perot  resonator  2 had  a polyimide-sheet  spacer  of 
thickness  132  /rm.  The  thickness  of  the  spacer  was  measured  by  a micrometer. 
The  actual  thickness  of  the  cavity  turned  out  to  be  slightly  greater  than  that  of 
the  respective  spacer.  Our  calculated  spectra  fit  well  to  the  measured  ones  if  we 
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assumed  that  the  thickness  of  the  cavity  for  Fabry-Perot  resonator  1 was  555  //.rn, 
and  the  thickness  of  the  cavity  for  Fabry-Perot  resonator  2 was  139  /iin  (see  next 
section). 

For  transmittance  measurements  we  have  used  the  sample-holder  shown 
schematically  in  one  of  our  papers  [37,  Fig.  2].  S- wise-curved  beryllium  copper 
strips  were  employed  as  springs  that  press  the  samples,  with  the  spacer  between 
them,  to  one  of  the  two  side  plates  of  the  sample-holder.  Each  of  these  copper 
springs  was  fastened  with  a tiny  screw  at  a corner  of  the  plate. 

These  earlier  transmittance  measurements  were  performed  on  our  slow-scan 
Michelson  interferometer  within  the  spectral  range  from  10  to  90  cm-1. 

8.4.1  Fabry-Perot  resonator  2 

The  measured  transmittance  through  our  Fabry-Perot  resonator  2 (the  one 
with  polyimide  spacer)  is  shown  in  Figure  8.3  (at  three  temperatures  with  YBCO 
in  the  normal  state)  and  Figure  8.4  (at  two  temperatures  with  YBCO  in  the 
superconducting  state). 

The  primary  fringes  of  the  transmittance  i.e. , the  transmittance  maxima  due  to 
the  resonance  within  the  vacuum  cavity,  are  located  at  wave  numbers  vm  = m/ (2d), 
where  m = 1,2,...  is  an  integer  counting  the  order  of  the  fringes,  and  d = 139  /rm 
is  the  vacuum-cavity  thickness  of  the  Fabry-Perot  resonator  2. 

From  the  latter  equation  we  get  that  the  first-  and  second-order  primary  trans- 
mittance resonances  should  be  centered  close  to  36  cm-1  and  72  cm-1,  respec- 
tively. The  actual  resonance  wave  numbers  may  be  slightly  different  due  to  a 
possible  slight  wave- number  variation  of  the  phase  change  0/  ((f) n)  upon  reflection 
from  reflector  I (II),  respectively,  as  was  discussed  in  Section  3.5,  but  this  wave- 
number  shift  should  be  negligible.  By  accident,  for  the  case  of  our  Fabry-Perot  2 
resonator,  the  positions  of  the  primary  maxima  (given  above)  happen  to  almost 
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Normal-State  YBCO  on  Si 

NIST  255-Gap  138  |im«NIST  256 


Figure  8.3:  Transmittance  through  Fabry-Perot  resonator  2,  constructed  from 
NIST  255  and  NIST  256  separated  by  a polyimide  spacer,  at  three  temperatures 
with  both  YBa2Cu307_,5  layers  in  the  normal  state. 


Fabry-Perot  Transmittance 


374 


Superconducting-State  YBCO  on  Si 

NIST  255-Gap  138  nm-NIST  256 


Figure  8.4:  Transmittance  through  Fabry-Perot  resonator  2,  constructed  from 
NIST  255  and  NIST  256  separated  by  a polyimide  spacer,  at  three  temperatures 
with  both  YBa2Cu307_,5  layers  in  the  superconducting  state. 
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coincide  with  the  positions  of  the  minor  minima.  The  fact,  that  at  temperature 
300  K and  200  K six  minor  fringes  can  be  observed  between  the  two  major  ones, 
is  an  indication  that  the  minor  fringes  have  approximately  six  times  smaller  free 
spectral  range  than  the  major  ones.  A similar  relationship  is  also,  very  roughly 
speaking,  true  for  the  minor  and  major  bandwidth.  As  a result  the  two  major 
maxima  that  are  observed  in  the  studied  spectral  range  are  split  into  two  almost 
equal  halves  (especially  at  room  temperature)  by  the  superimposed  narrow,  but 
deep,  minor  minima.  In  other  words,  the  two  major  maxima  are  seen  through 
the  twin-peaked  “template”  of  the  two  minor  maxima  that  surround  them  almost 
symmetrically.  Hence,  the  temperature  behavior  of  the  four  highest  maxima  that 
were  observed  can  be  governed  to  some  extent  by  a complex  interplay  between  the 
major  peaks  and  the  minor  valleys  that  overlay  or  surround  those  major  peaks. 
This  is  due  to  the  coupling  between  the  major  (cavity)  resonance  with  the  minor 
(substrate)  one. 

As  the  temperature  is  lowered,  the  frequencies  of  the  primary  transmittance 
peaks  remain  approximately  constant — the  thermal  shrinking  of  the  spacer  is  neg- 
ligible within  the  covered  temperature  range.  However,  the  minor  free  spectral 
range  changes  from  ca.  6.0  cm-1  at  300  K and  200  K,  to  ca.  7.2  cm-1  at  100  K, 
50  K,  and  10  K.  This  can  be  seen  easily  if  one  notices  that  at  the  two  higher 
temperatures  there  are  six  minor  fringes  between  the  two  major  ones,  and  at  the 
three  lower  temperatures  there  are  five  minor  fringes  between  the  two  major  ones, 
respectively.  At  all  temperatures,  however  two  of  the  minor  minima  approximately 
coincide  with  the  two  major  maxima  within  the  covered  spectral  range.  Namely, 
at  the  two  higher  temperatures  the  sixth  and  twelfth  minor  minima  coincide  with 
the  major  maxima  at  36  and  72  cm-1,  whereas  at  the  three  lower  temperatures 
the  fifth  and  tenth  minor  minima  coincide  with  the  same  major  maxima  at  36  and 
72  cm-1,  respectively. 
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To  a certain  extent,  the  temperature  dependence  of  the  minor  free  spectral 
range  can  be  explained  by  the  temperature  dependence  of  the  optical  thickness  of 
Si  (mainly  due  to  its  refractive  index  factor):  it  decreases  slightly  as  temperature 
is  lowered  which  causes  the  minor  free  spectral  range  to  grow  somewhat.  The  step- 
wise switch-over  from  six  to  five  minor  maxima  is  due  to  the  interaction  between 
the  three  components  (two  of  which  are  almost  degenerate  due  to  the  very  similar 
thickness  of  the  two  Si  substrates)  of  this  compound  resonator.3 

Tiny  temperature  changes  in  the  central  frequency,  bandwidth,  and  finesse  of 
the  minor  fringes  lead  to  the  fact  that  as  the  temperature  is  lowered  from  300  K to 
200  K and  100  K,  the  minor  minima  split  the  major  maxima  in  a less  symmetrical 
way — the  high-frequency  “half”  of  a major  peak  becomes  higher  than  its  low- 
frequency  “brother”.  This  leads  to  small  apparent  shifts  in  the  frequency  of  the 
major-maxima  “halves” . 

To  simplify  our  treatment,  let  us  assume  that  the  Fabry-Perot  resonator  is  sym- 
metric, i.e.,  that  its  two  reflectors  are  identical.  This  allows  us  to  drop  the  Roman 
subscripts  / and  II , and  equations  3.200  and  3.201  are  reduced,  respectively,  to 


"*3 

II 

i—1 

1 

i 

(8.1) 

Tres  = T2  (1  — R)~2  . 

(8.2) 

Using  the  energy  conservation  relation 


T + R + A = 1,  (8.3) 

3 This  is  in  a way  similar  to  the  well-known  effect  of  interaction  between  two  atoms  on  their 
energy  levels  as  from  initial  isolation  (very  far  apart  from  each  other)  they  are  brought  closer 
together. 
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where  A is  the  absorptance  of  the  YBa2Cu307_,5  film,  equation  8.2  can  be  trans- 
formed into  [170] 

Tres  = (1  + A/T)-\  (8.4) 

With  the  YBa2Cu307_<5  film  in  the  normal  state,  the  measured  Tres  decreases  by 
a factor  of  two  as  the  temperature  is  lowered  from  300  to  100  K.  At  the  same  time, 
according  to  equation  8.4,  the  value  of  A/T  increases.  This  is  easy  to  understand: 
YBa2Cu307_a  in  its  normal  state  behaves  as  a metal — lowering  of  the  temper- 
ature leads  to  increasing  of  its  electrical  conductivity,  and  hence  its  reflectance 
will  grow  at  the  expense  of  its  transmittance.  The  film-side  absorptance  remains 
roughly  constant  within  the  temperature  range  from  100  to  300  K (see  Chapter  7: 
Figure  7.1  and  Figure  7.12  in  particular)  [125].  Therefore,  as  the  temperature  is 
lowered,  with  the  YBa2Cu307_,5  film  still  in  the  normal  state,  the  resonant  trans- 
mittance decreases  and  the  finesse  increases,  i.e. , the  bandwidth  decreases. 

Increasing  of  the  single-bounce  reflectance  from  the  YBa2Cu307_,5  film,  with 
the  single-bounce  reflectance  from  the  Si  substrate  remaining  almost  constant, 
leads  to  a decreasing  effect  of  the  minor  resonance  within  the  Si  substrates.  This 
results  in  a decreasing  minor-fringe  contrast  upon  lowering  the  temperature,  with 
the  YBa2Cu307_5  film  in  the  normal  state. 

When  the  YBa2Cu307_i  film  is  in  the  superconducting  state,  its  reflectance 
is  even  higher  which  leads  to  a further  decrease  in  the  minor  fringe  contrast.  At 
lower  frequencies,  however,  the  transmittance  of  a single  reflector  is  quite  low  (see 
Figures  6.19  and  6.26).  Hence  at  these  low  frequencies  and  low  temperatures,  the 
first  reflector  does  not  feed  enough  of  the  incident  radiation  to  the  main  (cavity) 
resonator.  This  explains  why  the  first-order  major  maximum  is  lower  than  the 
second-order  one. 
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Similarly,  at  high  frequencies,  the  transmittance  of  a single  reflector  at  10  K 
is  higher  than  that  at  50  K (see  Figures  6.19  and  6.26).  Therefore,  for  these  high 
frequencies,  at  10  K the  first  reflector  feeds  more  of  the  incident  radiation  to  the 
main  resonator  than  at  50  K.  The  latter  explains  why  at  the  second-order  major 
resonance  (76  cm-1)  the  resonant  transmittance  increases  from  0.24  at  50  K to 
0.28  at  10  K. 

The  normal-state  and  the  superconducting-state  optical  properties  of 
YBa2Cu307_5  differ  significantly.  High-temperature  superconducting  materials, 
in  their  superconducting  state  are  characterized  by  almost  perfect  reflection  and 
very  small  absorption  (due  to  the  remaining  normal  electrons)  for  radiation  at 
frequencies  within  their  superconducting  energy  gap.  Decreasing  the  temperature 
leads  to  an  increase  in  the  fraction  of  superconducting  electrons,  and,  correspond- 
ingly, to  a decrease  in  the  far-infrared  absorptance  [25].  Therefore,  the  increase  in 
the  peak  transmittance,  as  the  temperature  is  lowered  from  50  K to  10  K,  can  be 
explained  by  the  lowering  of  the  absorptance  within  the  YBa2Cu307_5  films. 

Similarly  to  the  normal  state  case,  the  reflectance  increase  as  the  temperature 
is  lowered,  leads  correspondingly  to  a decrease  of  the  bandwidth,  and  an  increase 
of  the  finesse.  The  measured  values  for  the  finesse  at  76  cm-1  are  about  20  at  50  K 
and  23  at  10  K. 

8.4.2  Fabry-Perot  resonator  1 

The  measured  transmittance  through  our  Fabry-Perot  resonator  1 (the  one  with 
the  copper  spacer)  is  shown  in  Figures  8.5  (at  three  temperatures  with  YBCO  in 
the  normal  state)  and  8.6  (at  two  temperatures  with  YBCO  in  the  superconducting 
state). 

The  primary  fringes  of  the  transmittance  i.e.,  the  transmittance  maxima  due 
to  the  resonance  within  the  vacuum  cavity,  are  located  at  wave  numbers  um  = 
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Normal-State  YBCO  on  Si 

NIST  255-Gap  550  |xm-NIST  256 


Figure  8.5:  Transmittance  through  Fabry-Perot  resonator  1,  constructed  from 
NIST  255  and  NIST  256  separated  by  a copper  spacer,  at  three  temperatures 
with  both  YBa2Cu307_5  layers  in  the  normal  state. 


Fabry-Perot  Transmittance 
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Superconducting-State  YBCO  on  Si 


NIST  255-Gap  550  nm-NIST  256 


Figure  8.6:  Transmittance  through  Fabry-Perot  resonator  1,  constructed  from 
NIST  255  and  NIST  256  separated  by  a polyimide  spacer,  at  three  temperatures 
with  both  YBa2Cu307_5  layers  in  the  superconducting  state. 
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m/{2d),  where  m = 1,2, ...  is  an  integer  counting  the  order  of  the  fringes,  and 
d = 555  /mi  is  the  vacuum-cavity  thickness  of  the  Fabry-Perot  resonator  1.  The 
major  resonance  peaks  of  the  transmittance  are  centered  at  about  9 cm-1,  18  cm-1, 
27  cm-1,  etc. 

Some  of  the  details  about  the  transmittance  of  the  Fabry-Perot  resonator  2, 
described  above,  can  be  traced  for  the  case  of  the  Fabry-Perot  resonator  1,  too. 
However,  Figures  8.5  and  8.6  are  much  more  complicated  and  less  illustrative  than 
Figures  8.3  and  8.4,  respectively,  and  the  reason  for  that  fact  is  the  following:  in 
the  case  of  the  Fabry-Perot  resonator  1 the  optical  thickness  of  the  Si  substrates  is 
comparable  to  the  thickness  of  the  cavity,  which  leads  to  comparable  free  spectral 
ranges:  major  (9  cm-1)  and  minor  (6  cm-1  at  the  two  higher  temperatures,  or 
5 cm-1  at  the  three  lower  temperatures).  This  leads  to  complicated  Moire  patterns. 
One  can  imagine  looking  through  two  “combs” — one  corresponding  to  the  major 
fringes  and  another  one  for  the  minor  fringes.  The  “combs”  are  characterized  by 
similar  constants  and  at  least  one  of  them  is  temperature  dependent.  Incidentally, 
the  bandwidths  of  the  major  and  minor  fringes  also  happen  to  be  comparable. 

8.4.3  Fabry-Perot  resonator  3 

The  transmittance  through  Fabry-Perot  resonator  3 made  with  the  two  halves 
from  Sample  NIST  73  are  shown  herein.  Since  our  second-generation  sample  holder 
failed,  the  transmittance  is  shown  only  for  three  temperatures  in  the  normal  state 
in  Figure  8.7.  As  the  temperature  is  lowered  the  free  spectral  range  of  the 
major  maxima  increases  which  is  a clear  tell-tale  sign  that  the  sample  holder  is 
not  functioning  as  expected,  but  is  rather  slipping  into  the  frozen  O-ring. 


8.5  Calculated  Transmittance 


Fabry-Perot  Transmittance 
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Normal-State  YBCO  on  Si 

F-P  with  two  pieces  of  Sample  NIST  73 


Figure  8.7:  Transmittance  through  Fabry-Perot  resonator  3 made  from  the  two 
halves  of  Sample  NIST  73  facing  each  other,  at  three  temperatures  in  the  normal 
state. 
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Compared  to  Experiment. 

It  was  mentioned  in  Subsection  3.4.3  that  there  are  several  methods  for  calcu- 
lating the  optical  properties  of  multi-layered  structures.  For  our  earlier  measure- 
ments we  assumed  we  are  dealing  with  reflectors  that  have  only  two  layers:  a thin 
absorbing  YE^C^C^-a  film  deposited  onto  a thin  (i.e. , coherent),  transparent  Si 
substrate.  To  calculate  the  transmittance  trough  the  Fabry-Perot  resonator,  we 
have  used  the  same  optical  parameters  of  the  YBa2Cu3()7_,5  film  and  Si  substrate 
that  were  obtained  from  fitting  the  transmittance  through,  as  well  as  the  front- 
side and  back-side  reflectance  from  the  single  reflectors  (see  Table  6.21,  or  the  more 
detailed  Table  6.15  and  Table  6.16).  The  only  parameter  that  was  varied  this  time 
was  the  thickness  of  the  vacuum  cavity  d. 

Kumar  and  Zhang  [120,37]  used  the  matrix  method  (Subsection  3.4.4,  and  in 
particular  equation  3.195)  to  calculate,  not  only  the  transmittance  and  reflectance, 
but  also  the  phase  change  (f)j  upon  reflection  from  reflector  I.  (The  respective 
characteristics  for  reflector  II  are  assumed  to  be  similar,  as  all  other  properties 
for  Samples  NIST  255  and  NIST  256  are).  Their  results  for  the  transmittance 
and  reflectance  are  practically  indistinguishable  from  or  very  close  to  the  fits  that 
we  have  presented  in  Chapter  6,  as  can  be  expected,  even  though  we  have  used 
a different  approach.  A plot  of  the  phase  change  upon  reflection  from  Sample 
NIST  255  can  be  found  in  our  article  [37,  Figure  7]  or  in  Kumar’s  dissertation 
[120,  Figure  7.7].  Then  Kumar  substituted  all  calculated  quantities  into  equations 
3.197  and  3.196  (the  latter  equation  can  of  course  be  substituted  equivalently  by 
equations  3.200-3.202).  Finally,  he  varied  the  fitting  parameter  d which  enters  into 
the  equations  through  the  round-trip-within-the-substrate  phase  (3. 

Using  the  same  (or  very  close)  values  of  all  parameters,  I applied  again  our 
custom-software  (program  “flmfit”)  for  fitting  the  optical  properties  of  multi- 
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layered  structures.  It  is  noteworthy,  that  Kumar  and  I,  using  two  different  methods 
of  fitting  the  same  experimental  data,  independently  obtained  very  close  results 
for  the  fit  parameters  and  calculated  spectra. 

The  fit  parameters  used  for  the  two  reflectors  are  slightly  different  even  though 
Samples  NIST  255  and  NIST  256  are  from  the  same  batch.  As  explained  in  Chap- 
ter 6,  this  can  be  due  to  minor  variations  in  the  conditions  within  the  deposition 
chamber,  or  post-deposition  treatment  of  the  samples.  Such  variations  can  affect 
the  optical  parameters  of  the  samples,  especially  the  fraction  of  superconducting 
electrons  below  the  critical  temperature  Tc. 

As  mentioned  in  Chapter  6,  we  have  assumed  that  the  refractive  index  of  Si 
depends  only  on  the  temperature.  For  the  spectral  range  from  10  to  100  cm-1,  the 
refractive  index  of  Si  changes  from  3.416  at  300  K to  3.387  at  10  K as  obtained 
from  fitting  the  interference  fringes  in  the  reflectance  from  a bare  Si  substrate  (see 
Table  6.1).  The  Si  substrate  thickness  is  dsi  = 203.7  mm  (205.3  mm)  for  Sample 
NIST  255  (NIST  256),  respectively. 

The  temperature  variation  of  the  Si  substrate  thickness  dsi  is  within  0.024  % 
throughout  the  temperature  range  covered  by  us,  and  can  therefore  be  neglected. 
The  upper  bound  of  the  uncertainty  for  both  the  refractive  index  and  the  thickness 
of  Si  determined  by  us,  is  about  0.049  %.  The  surfaces  are  optically  smooth — the 
root-mean-square  roughness  is  only  a few  nanometers.  Within  the  studied  spectral 
range  the  wavelengths  are  longer  than  100  ^ m for  our  earlier  measurements,  and 
longer  than  16.(6)  /rm  for  our  more  recent  measurements,  respectively.  Hence,  the 
effect  of  surface  roughness  can  also  be  neglected. 

The  transmittance  of  the  Fabry-Perot  resonator  is  very  sensitive  to  the  thick- 
ness of  the  cavity  d.  This  allowed  us  to  find  that  the  actual  thickness  of  the  cavity 
differs  slightly  from  the  thickness  of  the  spacer  measured  at  room  temperature  by 
a micrometer.  E.g.,  the  thickness  of  the  polyimide  spacer  from  the  micrometer  was 
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132  fira,  whereas  by  fitting  of  the  transmittance  through  Fabry-Perot  resonator  2 
we  determined  that  the  cavity  length  is  139  fim  at  300  K and  134  fim  at  10  K. 
Most  likely  this  small  disagreement  is  due  to  inadequate  pressure  by  the  beryllium 
copper  springs.  This  is  tricky,  as  increasing  the  pressure  might  break  easily  the 
very  thin  samples  we  are  using  as  reflectors.  The  temperature  change  of  d can 
be  attributed  to  thermal  contraction  of  the  polyimide  film  as  the  temperature  is 
lowered. 

Very  important  for  Fabry-Perot  resonators  is  to  what  a degree  the  two  reflectors 
are  parallel  to  each  other.  In  our  early  measurements  we  relied  only  on  a flat  spacer 
and  compression  springs  to  ensure  that  the  two  reflectors  are  sufficiently  parallel. 
At  room  temperature  this  produced  good  results.  As  the  temperature  is  lowered, 
however,  there  is  an  increasing  vertical  temperature  gradient  along  the  sample 
holder.  This  may  cause  a slight  deviation  of  the  two  reflectors  from  their  optimum 
position  and  additionally  it  may  compromise  the  mutually  parallel  alignment  of 
the  two  films,  which  in  turn  leads  to  a significant  reduction  of  the  fringe  contrast 
and  the  resonant  transmittance. 

Indeed,  the  laws  that  govern  the  interference  within  thin  films  are  strictly 
applicable  only  to  completely  coherent  cases.  The  effect  of  partial  coherence  on  the 
optical  properties  of  thin  films  have  been  studied  by  many  researchers,  e.g.,  Chen 
and  Tien  [171],  and  Anderson  and  Bayazitoglu  [172],  Other  reasons  for  reduced 
coherence  can  be  the  finite  spectral  resolution  and  beam  divergence  [150]. 

For  the  earlier  measurements  we  did  on  our  Michelson  interferometer  the  fre- 
quency step  between  the  data  points  was  about  0.28  cm-1  and  the  spectral  res- 
olution was  0.56  cm"1.  The  spatial  incoherence,  due  to  non-parallel  reflectors 
and  beam  divergence,  depends  on  frequency.  Following  Grossman  and  McDonald 
[173],  we  get  for  the  frequency-dependent  effective  resolution  in  frequency  the 
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following  empirical  relation 


e*  = V0.562  + (0.02 i/)2.  (8.5) 

The  latter  equation  gives  an  effective  resolution  within  the  range  from  0.6  to 
2.1  cm-1  as  the  wave  number  u is  varied  within  the  spectral  range  from  10  to 
100  cm-1. 

The  calculated  transmittance  of  the  Fabry-Perot  resonator  agrees  well  with 
the  measured  one,  except  for  the  fact  that  the  calculated  transmittance  always 
has  a higher  fringe  contrast  and  peak  transmittance  (see  Figure  8.3  and  especially 
Figure  8.4,  as  well  as  Figure  8.5  and  Figure  8.6).  We  attribute  the  discrepancy 
to  spatial  non-coherence  which  is  discussed  at  the  end  of  this  section.  Therefore, 
equation  8.5  can  be  used  to  improve  the  agreement  between  the  measured  and  the 
calculated  transmittance  of  the  Fabry-Perot  resonator.  For  this  purpose,  Kumar 
has  averaged  each  point  (at  wave  number  uP ) of  the  calculated  transmittance 
within  the  spectral  range  from  ( vP  — ej>/2)  to  (uP  + e*/2)  cm-1  [120]. 

As  an  example,  Figure  4 from  our  paper  (Kumar  et  al.  [37])  allows  one  to  com- 
pare the  calculated  and  measured  transmittance  after  the  effect  of  partial  coherence 
has  been  taken  into  account,  for  the  highest  and  lowest  temperatures  at  which  mea- 
surements were  done  on  Fabry-Perot  resonator  2.  One  can  see  that  the  agreement 
is  very  good  with  a couple  of  exceptions  at  10  K,  in  the  vicinity  of  the  two  major 
maxima  (within  the  spectral  ranges  from  30  to  37  cm-1  and  from  65  to  72  cm-1). 

The  respective  information  about  Fabry-Perot  resonator  1 is  presented  in  Fig- 
ure 5 in  our  paper  [37]. 

An  easier  way  to  account  for  the  effect  of  partial  coherence  is  to  average  sev- 
eral curves  calculated  with  thickness  of  the  cavity  varied  in  a narrow  range  about 
its  optimum  value.  The  effect  of  partial  coherence  is  illustrated  in  Figure  6 from 
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our  paper  [37],  where  the  calculated  transmittance  is  shown  for  both  the  perfectly 
coherent  (no  averaging),  and  partially  coherent  (with  averaging)  cases.  The  effect 
of  partial  coherence  is  especially  large  for  very  sharp  (small  bandwidth,  high  res- 
onant transmittance)  peaks.  The  spectral  weight  is  preserved:  the  peaks  that  are 
lower  due  to  partial  coherence  are  also  wider. 

A possibility  to  fine-tune  the  parallel  alignment  after  the  samples  have  settled 
at  any  desired  temperature,  just  before  starting  the  measurement,  is  highly  desir- 
able for  the  future  experiments.  In  my  opinion  the  spectral  resolution  we  used  is 
adequate. 


8.6  Discussion 

8.6.1  Coupling  of  Simple  Resonators 
into  a Compound  One 

As  hinted  earlier,  our  Fabry- Perot  resonator  is  actually  comprised  of  three 
coupled  resonators:  the  cavity  resonator  is  surrounded  by  the  two  Si-substrate 
resonators.  The  latter  two  are  degenerate,  provided  the  two  substrates  are  iden- 
tically similar  to  each  other.  Treating  the  two  degenerate  resonators  as  one,  we 
can  reduce  the  total  number  of  different  resonators  to  be  considered  to  two.  Each 
of  them,  taken  separately,  is  a rather  simple  version  of  the  original  resonator  of 
Fabry  and  Perot.  However,  they  are  coupled  through  the  YBa2Cu307_,5  film,  which 
complicates  the  picture  significantly. 

For  simplicity,  let  us  initially  assume  that  the  resonators  are  coupled  directly, 
that  is  the  compound  resonator  is  formed  by  two  bare  Si  plates  (without  the 
YBa2Cu307_<5  films)  with  a cavity  between  them.  The  transmittance  through 
such  a structure  can  easily  be  visualized  as  the  Moire  pattern  that  would  be  pro- 
duced by  overlaying  of  two  “combs” , each  with  a “tooth”  period  that  is  inversely 
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proportional  to  the  thickness  of  the  respective  simple  resonator.  In  this  analogy 
the  transmittance  will  be  described  by  the  product  of  the  “tooth” -heights  of  the 
overlapping  portions  of  the  two  “combs”,  i.e.,  the  portions  of  the  back  “comb” 
which  are  hidden  by  the  front  “comb” . 

Now  let  us  phase  in  the  YBa2Cu307_(5  layers.  The  problem  is  that  they  are 
characterized  by  a complex  refractive  index.  If  the  radiation  resonated  within  one 
of  the  simple  resonators  everything  would  be  almost  as  if  the  YBa2Cu307_,5  lay- 
ers were  still  absent.  Their  only  effect  would  be  a change  of  the  single-bounce 
reflectance  for  the  two  interfaces  Si-YBa2Cu307_,5  which  would  lead  to  shorten- 
ing the  “teeth”  of  the  “comb”  corresponding  to  the  respective  substrate,  due  to 
the  increased  effect  of  the  cavity  resonance  (both  of  its  reflectors  increased  their 
single-bounce  reflectance  whereas  only  one  side  of  the  substrate  resonator  did  so). 
However,  since  the  YBa2Cu307_5  films  are  so  thin  that  they  are  not  completely 
opaque,  a certain  fraction  of  the  far-infrared  radiation  leaks  through,  thus  coupling 
the  cavity  and  substrate  resonators.  Every  time  this  happens,  the  radiation  that  is 
leaking  through  picks  up  some  complex  phase  change,  which  depends  on  both  the 
frequency  and  the  temperature.  This  coupling-by-leakage  effect  is  responsible  for 
the  complicated  pattern  of  the  transmittance  through  the  compound  Fabry-Perot 
resonator,  and  its  temperature  dependence.  The  imaginary  part  of  the  phase  is 
simply  related  to  the  attenuation  due  to  absorption  within  the  YBa2Cu307_5  film. 
Because  the  films  are  very  thin,  and  also  because  only  a small  percentage  of  the 
radiation  leaks  through  to  couple  the  simple  resonators  into  a compound  one,  the 
attenuation  is  relatively  small  and  as  a first  approximation  can  be  neglected. 
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8.6.2  Partial  Fabry-Perot  Resonators 

In  this  subsection  the  contribution  of  the  various  components  of  our  com- 
pound4 Fabry-Perot  resonator  2 (Si  255-YBCO  255-Gap-YBCO  256-Si  256)  will 
be  studied  by  considering  calculations  for  imaginable  model  multi-layered  struc- 
tures including  only  certain  elements  of  the  complete  compound  Fabry-Perot  res- 
onator. I have  tentatively  called  such  imaginable  structures  “partial  Fabry-Perot 
resonators”.  Some  of  these  structures  can  be  realized  in  a straightforward  manner, 
others,  e.g.,  those  that  contain  one  or  more  free-standing  YBa2Cu307_<5  layer/s, 
can  only  be  imagined,  or  at  least  can  be  extremely  hard  to  produce  using  the 
current  state-of-the-art  techniques  for  sample  preparation. 

At  room  temperature,  the  calculated  transmittance  through  various  imaginable 
structures  is  compared  to  the  calculated — to  avoid  fluctuation  due  to  experimental 
uncertainties — transmittance  through  our  Fabry-Perot  2 resonator  (the  one  with 
the  polyimide  spacer)  in  Figure  8.8  (two  symmetric  and  one  asymmetric  three- 
layered structures)  and  Figure  8.9  (several  other  asymmetric  four-  or  three-layered 
structures). 

The  transmittance  through  two  free-standing  YBa2Cu307_,s  films — equivalent 
to  the  YBa2Cu307_,s  films  of  Samples  NIST  255  and  NIST  256,  respectively — 
separated  by  a gap  is  shown  on  the  middle  panel  of  Figure  8.8.  The  slight  asym- 
metry due  to  the  small  difference  between  the  two  films  is  not  essential  in  this 
case.  That  is,  the  three  structures  YBCO  255-Gap- YBCO  256,  YBCO  255-Gap- 
YBCO  255,  and  YBCO  256-Gap-YBCO  256  would  have  virtually  the  same  trans- 
mittance. 

The  transmittance  spectrum  through  a plain  silicon  plate  oscillates  with  the 
wave  number  between  0.29  and  1.00,  whereas  the  reflectance  spectrum  oscillates 

4Here  Sample  NIST  255  (NIST  256)  is  represented  by  its  two  most  essential  layers  Si  255 
(Si  256)  and  YBCO  255  (YBCO  256),  respectively. 
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Partial  F-P  Resonators 

T = 300  K;  Gap  138  jim 
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Figure  8.8:  Calculated  Transmittance  through  various  three-layered  partial  Fabry- 
Perot  resonators  juxtaposed  with  the  calculated  transmittance  through  Fabry- 
Perot  resonator  2 at  room  temperature. 
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Partial  F-P  Resonators 

T = 300  K;  Gap  138  |im 


Figure  8.9:  Calculated  Transmittance  through  various  four-  and  three-layered  par- 
tial Fabry-Perot  resonators  juxtaposed  with  the  calculated  transmittance  through 
Fabry-Perot  resonator  2 at  room  temperature. 
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between  0.00  and  0.71.  Combining  these  two  ranges,  one  might  expect  that  the 
transmittance  through  a Fabry-Perot  resonator  with  two  naked  Si  plates  might 
oscillate  between  zero  and  one.  However,  the  calculated  transmittance  through 
two  plain  silicon  plates  separated  by  a gap  (Si  255-Gap-Si  256)  is  shown  on  the 
top  panel  of  Figure  8.8.  The  minima  are  as  if  “riding”  on  top  of  the  wavy  line  (the 
calculated  transmittance  for  an  imaginary  Fabry-Perot  resonator  consisting  only  of 
two  free  standing  film  with  a gap  between  them)  shown  in  the  middle  panel  of  the 
same  Figure.  In  principle  the  maxima  should  also  ride  on  a similar  wavy  line  shifted 
higher  from  the  bottom  envelope  by  1.00.  However,  the  transmittance  cannot 
exceed  one,  and  so  the  portions  of  peaks  that  would  have  to  rise  above  one,  actually 
get  “folded”  or  “inverted”  upside  down.  Furthermore,  the  two  major  maxima  which 
should  be  highest,  are  not  “folded”  just  once,  but  are  doubly  “folded”. 

The  bottom  panel  of  Figure  8.8  shows  the  transmittance  through  the  asymmet- 
ric three-layered  structures  YBCO  255-Gap-Si  256  and  Si  255-Gap-YBCO  256. 
The  respective  two  curves  are  close  to  each  other,  but  do  not  overlap  com- 
pletely. Most  of  the  difference  is  due  to  the  slight  difference  between  the  two 
films  YBCO  255  and  YBCO  256.  Only  a negligible  fraction  of  that  difference  can 
be  attributed  to  the  slight  difference  of  the  thickness  of  the  two  Si  plates.  That  is, 
the  structures  YBCO  255-Gap-Si  255  and  Si  255-Gap-YBCO  256,  or  YBCO  255- 
Gap-Si  256  and  Si  256-Gap- YBCO  256  would  produce  virtually  the  same  graph 
as  the  bottom  panel  of  Figure  8.8.  Away  from  the  major  maxima  one  can  clearly 
see  the  fringes  due  to  the  Si  substrate,  but  because  only  one  Si  plate  is  present 
rather  than  two  the  amplitude  should  be  halved  compared  to  the  top  panel  if  it 
were  not  for  the  attenuation  caused  by  the  YBCO  absorption.  In  the  vicinity  of 
the  major  maxima  two  of  the  silicon  fringes  almost  coalesce  due  to  the  interaction 
between  the  gap  resonance  and  the  Si  resonance.  The  bottom  envelope  is  similar 
to  the  wavy  line  from  the  middle  panel  which  is  governed  by  the  gap  resonance. 
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The  top  panel  of  Figure  8.9  shows  two  resonators  which  differ  from  those  on 
the  bottom  panel  of  Figure  8.8  by  the  YBCO  layer  deposited  on  the  Si  plate. 
From  another  perspective,  starting  from  the  complete  Fabry-Perot  resonator  2, 
only  one  Si  plate  has  been  eliminated.  With  two  YBCO  layers  in  each  of  those  two 
resonators  the  amplitude  of  the  Si  resonances  is  reduced  further.  Because  of  the 
significantly  decreased  amplitude  of  the  Si  resonances,  their  interaction  with  the 
gap  resonances  is  indiscernible.  Both  the  top  and  bottom  envelopes  are  similar  to 
the  wavy  line  from  the  middle  panel  of  Figure  8.8  which  is  governed  by  the  gap 
resonance. 

The  bottom  panel  of  Figure  8.9  is  just  a repetition  of  the  bottom  panel  Fig- 
ure 8.8,  and  is  filling  the  empty  spot  for  easier  comparison. 

The  middle  panel  of  Figure  8.9  shows  two  resonators  which  differ  from  those 
on  the  bottom  panel  of  either  Figure  8.8,  or  Figure  8.9  by  the  Si  plate  added  to 
support  the  previously  free-standing  YBCO.  Or,  starting  from  the  complete  Fabry- 
Perot  resonator  2,  only  one  YBCO  film  has  been  eliminated.  With  two  Si  plates  in 
each  of  those  two  resonators  and  only  one  absorbing  YBCO  film,  the  amplitude  of 
the  Si  resonances  is  second  highest  after  the  Si  only  resonator  from  the  top  panel  of 
Figure  8.8.  Because  of  the  significantly  increased  amplitude  of  the  Si  resonances, 
their  interaction  with  the  gap  resonances  is  significant  and  has  resulted  in  the 
appearance  of  ghost  maximum  at  the  position  of  the  gap  maximum.  This  ghost 
maximum  is  actually  the  sum  of  the  tails  of  the  two  adjacent  Si  maxima  whose  form 
has  been  modified  by  the  interaction  with  the  gap  resonance.  Unexpectedly,  though 
only  one  YBCO  reflector  stands  by  the  gap,  the  gap  resonance  is  very  pronounced, 
and  is  even  stronger  than  that  for  the  complete  Fabry-Perot  resonator  2.  In  the 
vicinity  of  the  major  minima  the  both  the  top  and  bottom  envelopes  are  similar 
to  the  wavy  line  from  the  middle  panel  of  Figure  8.8  which  is  governed  by  the  gap 
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resonance,  but  in  the  vicinity  of  the  major  maxima  both  envelopes  are  pushed  up 
due  to  the  much  stronger  gap  resonance  here. 

We  believe  that  a Fabry-Perot  resonator  formed  by  deposition  of  YBCO  films 
onto  both  sides  of  a Si  plate  can  be  benefitial  for  applications  where  stable,  pre- 
tuned resonators  or  comb  filters  are  needed.  We  expect  such  a structure  to  have 
relatively  suppressed  Si  fringes,  and  enhanced  gap  fringes  in  comparison  with  the 
complete  Fabry-Perot  resonator  2 that  has  additionally  a second  Si  plate  and  a 
vacuum  gap. 

8.6.3  Optimization  of  the  Resonant  Transmittance 

The  transmittance  of  any  Fabry-Perot  resonator  depends  strongly  on  its  reflec- 
tors, which  can  be  seen  directly  from  equation  3.201  or  8.2.  Examination  of 
these  equations  shows  that  the  resonant  transmittance  of  the  compound  resonator 
depends  only  on  the  reflectance  and  transmittance  of  the  two  reflectors,  but  not 
on  the  cavity  thickness. 

Kumar  [37,120]  has  shown  how  to  optimize  the  maximum  transmittance  for  a 
particular  maximum.  This  in  fact  accomplishes  selective,  that  is,  incommensurate 
tuning  of  a Fabry-Perot  resonator.  It  can  be  beneficial  for  selective  detectors  whose 
design  is  optimized  for  a narrow  spectral  range. 

8.6.4  The  Effect  of  the  Vacuum- Gap  Thickness 

By  setting  the  thickness  of  the  gap  to  such  values  that  the  optical  thickness  of 
the  Si  substrates  and  the  gap  are  commensurate,  one  can  obtain  variously  tuned 
comb  filters  as  well.  To  illustrate  this  fact,  the  calculated  transmittance  through  a 
number  of  commensurately  tuned  Fabry-Perot  resonators  at  room  temperature  is 
presented  in  Figures  8.10-8.19.  In  the  figure  captions  the  respective  ratio 
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NIST  255-Gap-NIST  256 

T = 300  K;  Gap  69.83  |xm 


Figure  8.10:  Calculated  Transmittance  through  a Fabry-Perot  resonator,  con- 
structed from  NIST  255  and  NIST  256  separated  by  a gap  of  thickness  d = 
69.83  /rm  (ratio  1:10). 
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NIST  255-Gap-NIST  256 

T = 300  K;  Gap  77.65  (im 


Figure  8.11:  Calculated  Transmittance  through  a Fabry-Perot  resonator,  con- 
structed from  NIST  255  and  NIST  256  separated  by  a gap  of  thickness  d = 
77.65  pm.  (ratio  1:9) 


Fabry-Perot  Transmittance 
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NIST  255— Gap-NIST  256 


T = 300  K;  Gap  139.66  jim 


Figure  8.12:  Calculated  Transmittance  through  a Fabry-Perot  resonator,  con- 
structed from  NIST  255  and  NIST  256  separated  by  a gap  of  thickness  d = 
139.66  pm.  (ratio  1:5) 
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NIST  255— Gap— NIST  256 


T = 300  K;  Gap  155.3  |xm 


Figure  8.13:  Calculated  Transmittance  through  a Fabry-Perot  resonator,  con- 
structed from  NIST  255  and  NIST  256  separated  by  a gap  of  thickness  d = 
155.30  pm.  (ratio  2:9) 
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NIST  255-Gap-NIST  256 

T = 300  K;  Gap  199.5  |im 


Figure  8.14:  Calculated  Transmittance  through  a Fabry-Perot  resonator,  con- 
structed from  NIST  255  and  NIST  256  separated  by  a gap  of  thickness  d = 
199.50  n m.  (ratio  2:7) 


400 


NIST  255-Gap-NIST  256 

T = 300  K;  Gap  220.0  |im 


Figure  8.15:  Calculated  Transmittance  through  a Fabry-Perot  resonator,  con- 
structed from  NIST  255  and  NIST  256  separated  by  a gap  of  thickness  d = 
220.00  fim.  (ratio  6:19) 
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NIST  255-Gap-NIST  256 

T = 300  K;  Gap  279.32  nm 


Figure  8.16:  Calculated  Transmittance  through  a Fabry-Perot  resonator,  con- 
structed from  NIST  255  and  NIST  256  separated  by  a gap  of  thickness  d = 
279.32  fjm.  (ratio  2:5) 
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NIST  255-Gap-NIST  256 

T = 300  K;  Gap  310.4  jum 
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Figure  8.17:  Calculated  Transmittance  through  a Fabry-Perot  resonator,  con- 
structed from  NIST  255  and  NIST  256  separated  by  a gap  of  thickness  d = 
310.40  /m l.  (ratio  4:9) 
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NIST  255-Gap-NIST  256 

T = 300  K;  Gap  315.5  |im 


Figure  8.18:  Calculated  Transmittance  through  a Fabry- Perot  resonator,  con- 
structed from  NIST  255  and  NIST  256  separated  by  a gap  of  thickness  d = 
315.50  pm.  (ratio  2:11) 
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NIST  255— Gap— NIST  256 

T = 300  K;  Gap  558.64  |im 


Figure  8.19:  Calculated  Transmittance  through  a Fabry-Perot  resonator,  con- 
structed from  NIST  255  and  NIST  256  separated  by  a gap  of  thickness  d = 
558.64  pm.  (ratio  4:5) 
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of  the  optical  thickness  of  the  Si  substrate  to  the  vacuum-gap  thickness  is  given. 
Starting  with  these  ratios  and  the  respective  thicknesses  of  the  gap,  one  has  another 
way  to  determine  the  optical  thickness  of  the  Si  substrate.  Indeed  from  the  last 
figure  we  have  dSl(300  K)  = 5 d / (4n5j)(300  K)  = 5 x 558.64  pm  / (4  x 3.4161)  = 
204.41  ± 0.05  pm  which  agrees  very  well  with  the  average  of  the  thickness  of  both 
Si  substrates  given  in  Table  6.21:  (203.7  + 205.3)  pm  / 2 = 204.5  ± 0.14  pm. 

In  order  to  facilitate  the  observation  of  large-,  intermediate-  and  small-scale 
variation,  the  transmittance  is  depicted  in  three  wave  number  scales  at  a ratio  of 
6:3:1.  It  must  be  noted  that  these  curves  are  idealized,  as  they  are  extrapolated 
outside  the  10-90-cm_1-range  in  which  Samples  NIST  255  and  NIST  256  were 
measured.  Thus  they  do  not  take  into  account  the  mid-infrared  and  phonon  bands 
of  YBCO  or  the  YSZ  layer.  It  is  interesting  to  note  that  in  some  cases  a comb 
filter  which  on  a large  scale  is  clearly  commensurately  tuned,  may  seem  selectively 
tuned  on  a small  scale. 

Comb  filters  with  high-temperature-superconducting  thin  films  may  find  inter- 
esting applications  in  the  telecommunications  industry  or  for  aerospace  and  defense 
purposes. 

In  the  next  edition  of  this  dissertation  there  will  be  transmittance  spectra 
through  more  realistic  comb  filters  based  on  the  parameters  determined  for  Samples 
NIST  73  and  NIST  74. 

8.6.5  The  Effect  of  the  YBa2Cu307_,5  Film  Thickness 

Naturally,  the  thickness  of  the  YBCO  film  affects  all  characteristics  of  the 
reflector  of  the  Fabry-Perot  resonators,  including  the  transmittance,  front-side 
reflectanceand  back-side  reflectance,  as  well  as  the  front-side  absorptance  and  back- 
side absorptance.  And  in  turn,  all  of  these  characteristics  determine  the  properties 
of  the  entire  composite  Fabry-Perot  resonator,  and  especially  its  modulated  comb- 
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like  transmittance.  As  the  YBCO  film  gets  thicker,  clearly  the  transmittance  of 
the  individual  reflector  and  thereby  of  the  entire  resonator  will  decrease.  As  a 
result  the  resonant  (peak)  transmittance,  given  by  equation  3.201  (or  equation  8.2 
for  the  symmetric  case),  will  decrease,  too. 

On  the  other  hand,  as  the  YBCO  him  thickness  grows  the  reflectance  of  the 
samples  used  as  reflectors  will  increase,  too,  which  will  result  in  significant  improve- 
ment of  the  finesse  given  by  equation  3.198. 

The  above  expectations  were  confirmed  by  calculations  with  the  “hmht”  pro- 
gram in  which  the  thickness  of  the  YBCO  him  was  varied  either  symmetrically  (on 
both  rehectors),  or  asymmetrically  (on  either  one  of  the  two  rehectors).  As  seen 
from  the  hrst  of  the  several  considered  fractional  Fabry-Perot  resonators,  with 
zero  thickness  of  the  YBCO  him  the  peak  transmittance  is  so  high  that  it  gets 
“folded” . The  peak  transmittance  starts  to  decrease  as  soon  as  an  YBCO  is  added 
and  gradually  decreases  further  as  the  him  grows  in  thickness. 

As  the  thickness  increases,  however,  the  Si  resonance  is  gradually  suppressed 
and  looses  its  importance.  Simultaneously,  the  bandwidth  of  the  major  (gap  res- 
onance) maxima  decreases  faster  than  the  resonant  transmittance,  and  as  a result 
the  hnesse  grows. 

Therefore,  one  must  be  content  with  some  trade-off  and  be  ready  to  compromise 
on  a case-by-case  basis,  depending  on  which  is  more  important  for  a particular 
application  of  a Fabry-Perot  resonator:  higher  resonant  transmittance  or  better 
hnesse  and  selectivity.  Generally,  in  order  to  obtain  a resonator  with  transmittance 
that  is  sufficiently  high,  the  thickness  of  the  YBCO  him  should  be  50  nm  or  less. 
And  in  order  to  get  a hnesse  that  is  sufficiently  high,  the  thickness  of  the  YBCO 
him  must  be  20  nm  or  more.  We  found  that  35  nm  is  a reasonable  compromise  for 


our  purposes. 
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Another  factor  that  is  important  for  the  operational  performance  of  the  Fabry- 
Perot  resonators  is  the  quality  of  the  superconducting  film:  improved  quality  of 
the  film  would  lead  to  increased  fraction  of  superconducting  carriers  at  low  tem- 
peratures which  in  turn  will  lead  to  a reduced  residual  absorption  and  therefore 
increased  reflectance  in  the  superconducting  state  at  low  wave  numbers.  As  a 
result  both  the  peak  transmittance  and  the  finesse  will  be  improved. 


CHAPTER  9 
CONCLUSION 


In  this  dissertation  far-infrared  spectra  of  YBa2Cu307_(s  films  deposited  on  Si 
substrates  have  been  measured  at  several  temperatures  between  10  K and  300  K 
and  the  results  have  been  analyzed.  Our  earlier  measurements  were  within  the 
spectral  range  from  10  to  90  cm-1,  whereas  the  more  recent  studies  covered  a wider 
range:  from  20  to  600  cm-1.  Transmittance,  front-side  and  back-side  reflectance 
were  measured  on  a number  of  samples.  The  transmittance  and  the  respective 
reflectance  data  were  combined  to  obtain  the  front-side  and  back-side  absorptance 
of  the  films.  The  analysis  of  the  data  allowed  us  to  reach  some  conclusions  impor- 
tant for  potential  applications. 

The  values  for  the  back-side  reflectance  and  absorptance  of  multi-layered  struc- 
ture with  more  than  one  layer,  can  be  much  different  from  the  respective  values 
when  the  incidence  is  on  the  front-side.  The  measured  higher  back-side  reflectance 
and  absorptance  from  the  samples  have  demonstrated  that  such  a configuration 
could  be  implemented  in  far-infrared  intensity  modulators  and  bolometers. 

The  transmittance  and  reflectance  of  the  samples  are  characterized  by  fringes 
due  to  multiple-beam  interference  within  the  silicon  substrate.  As  the  tempera- 
ture is  lowered,  the  DC  conductivity  of  the  YBa2Cu307_i  film  increases,  and  the 
modulus  of  the  low-frequency  reflection  coefficient  at  the  film-substrate  interface 
approaches  unity.  This  is  the  major  reason  for  the  temperature  variation  of  the 
interference  pattern. 

When  the  wave  impedance  of  the  YBa2Cu307_(5  film  is  appropriately  matched 
with  the  wave  impedance  of  the  Si  substrate  the  latter  will  act  as  an  ant  Reflective 
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coating  for  the  film.  Under  such  conditions  the  substrate  resonance  is  suppressed 
and  therefore  the  fringe  contrast  of  the  measured  reflectance  and  transmittance 
either  vanishes  or  is  strongly  reduced.  At  the  central  frequency  of  the  spectral 
range  where  antireflective  effect  is  present,  the  reflection  coefficient  of  the  film- 
substrate  interface  changes  its  sign  which  results  in  a phase  change  by  n rad.  This 
effect  can  be  seen  clearly  in  the  interference  pattern. 

Conversely,  at  low  temperatures,  for  those  spectral  ranges  where  the  antire- 
flection condition  is  not  met,  the  transmittance  maxima  are  higher.  Indeed,  in 
the  superconducting  state  the  film  acts  as  a reflective  coating  for  the  Si  substrate, 
leading  to  an  increased  resonance  due  to  multiple-beam  interference  within  the 
substrate.  The  back-side  reflectance  is  also  strongly  increased  when  the  film  under- 
goes the  superconducting  phase  transition.  These  observations  have  demonstrated 
that  cuprate  thin  films  on  transparent  substrates  can  be  applied  in  the  design  of 
far-infrared  devices,  e.g.,  resonators  and  modulators. 

The  transmittance  and  reflectance  data  can  be  fit  by  using  the  Drude-Lorentz 
model  for  the  film  in  the  normal  state,  and  the  two-fluid  model  for  the  film  in 
the  superconducting  state.  The  Si  substrate  is  modeled  by  a real  refractive  index 
with  a slight  temperature  dependence.  The  negligible  spectral  dependence  of  the 
refractive  index  of  Si  has  been  ignored.  For  our  more  recent  measurements,  which 
covered  a wider  spectral  range,  and  were  done  on  samples  with  a much  thicker 
YSZ  buffer  layer,  we  have  included  phonons  of  the  thin  Si02  layer  on  the  back- 
side of  the  substrate,  as  well  as  in  the  YSZ  layer.  The  calculated  spectra  match 
well  the  measured  data.  Using  the  fit  parameters,  we  have  calculated  the  spec- 
tral dependence  of  the  complex  refractive  index,  conductivity,  and  permittivity  for 
the  YBa2Cu307_5  films  at  various  temperatures.  As  the  superconducting  phase 
transition  occurs,  the  refractive  index  (real  part)  becomes  small  with  respect  to 
unity,  whereas  the  extinction  (imaginary  part)  increases  and  is  frequency  depen- 
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dent.  Respective  changes  are  manifested  in  the  other  characteristics  which  are 
equivalent,  that  is,  contain  the  same  amount  of  information,  sometimes  in  a more 
convenient  format.  In  the  spectral  range  above  100  cm_1some  phonon  oscillators 
and  mid-infrared  bands  become  important  and  leave  their  signature  on  the  on 
the  studied  optical  characteristics  The  knowledge  about  the  optical  characteris- 
tics such  as  the  refractive  index,  conductivity,  and  permittivity  of  YBCO  films 
obtained  from  this  study  can  prove  to  be  important  for  the  design  of  promising 
devices  using  HTSC  thin  films. 

The  measured  or  calculated  transmittance  and  front-side  or  back-side 
reflectance  have  been  used  to  obtain  the  measured  or  calculated  front-side  or  back- 
side reflectance  and  absorptance.  The  back-side  absorptance  exceeds  the  front-side 
absorptance.  Our  calculations  have  shown  that  the  absorptance  depends  strongly 
on  the  thickness  of  the  YBa2Cu307_,5  film.  At  an  optimum  film  thickness  the 
absorptance  of  the  sample  reaches  its  local  maximum,  which  is  exceeded  above 
500  nm.  Films  that  are  so  thick  are  not  very  interesting  whenever  some  transmit- 
tance is  desirable,  but  can  be  applied  for  detectors.  The  optimum  thickness  of  the 
film  is  different  for  front-side  and  back-side  incidence.  At  the  central  frequencies 
of  the  fringes,  the  optimized  back-side  absorptance  can  exceed  0.9.  We  believe  our 
data  and  analysis  of  the  absorptance  will  be  useful  for  designers  of  far-infrared 
detectors  using  YBa2Cu307_,5  films. 

Cuprate  thin  films  deposited  on  transparent  substrates  outperform  metallic 
meshes  as  reflectors  for  resonators,  especially  in  the  far-infrared  region.  Due  to 
Joule  losses,  metallic  meshes  absorb  radiation  which  limits  the  finesse  of  the  the 
resonators.  Ideally,  reflectors  in  the  superconducting  state  should  not  have  losses 
within  the  frequency  range  bound  from  above  by  the  superconducting  gap  which 
is  in  the  far-infrared  spectral  range.  In  reality  such  reflectors  are  characterized  by 
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some  residual  losses  due  to  carriers  that  have  not  condensed  into  Cooper  pairs. 
But  these  residual  losses  are  much  lower  than  the  Joule  losses  of  metallic  meshes. 

We  made  Fabry-Perot  resonators  from  two  samples  facing  each  other  and  sep- 
arated by  a spacer.  The  measured  transmittance  spectra  through  these  resonators 
have  proven  that  similar  high-temperature  superconducting  films  deposited  on  Si 
substrate  (that  do  not  absorb  in  the  far-infrared)  could  be  used  to  design  resonators 
characterized  by  high  finesse  and  high  resonant  transmittance  in  the  far-infrared 
spectral  range. 

The  thin  substrates  of  our  samples  have  allowed  us  to  make  resonators  char- 
acterized by  a higher  resonant  transmittance  than  previous  attempts  and  at  the 
same  time  to  keep  the  finesse  sufficiently  high.  In  the  normal  state  the  resonant 
transmittance  increases  with  temperature,  whereas  in  the  superconducting  state 
the  resonant  transmittance  decreases  with  temperature,  i.e.,  it  is  high  at  very  low 
temperatures.  The  calculated  transmittance  of  the  Fabry-Perot  resonators  agrees 
well  with  the  measured  transmittance.  The  agreement  is  improved  further  if  we 
take  into  account  partial  coherence. 

Optimization  procedures  for  the  resonators  have  been  described.  The  trans- 
mittance of  the  resonator  can  be  affected  strongly  by  any  of  the  layers  of  the  total 
resonator  structure.  The  resonant  transmittance  can  be  maximized  if  the  cavity 
resonance  is  tuned  to  coincide  with  one  of  the  substrate  resonances  (incommen- 
surate tuning  suitable  for  selective  detectors).  If  commensurate  tuning  (suitable 
for  comb  filters)  is  desired,  one  would  get  periodically  coincident  resonances.  In 
the  resonator  design  one  must  make  a compromise:  a thicker  YBa2Cu307_,5  film 
would  increase  the  finesse  at  the  expense  of  a decreased  resonant  transmittance. 
Our  studies  have  proven  that  YBa2Cu307_5  thin  films  on  relatively  thin  Si  sub- 
strates can  be  implemented  in  the  design  of  far-infrared  Fabry-Perot  resonators. 
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Naturally,  we  expect  that  as  time  goes  by  the  him  deposition  techniques  will 
evolve  further  to  allow  fabrication  of  uniform  cuprate  thin  films  of  a higher  quality 
and  with  reproducible  characteristics.  A higher-quality  him  would  have  a lower 
residual  absorption  in  the  superconducting  state  which  would  improve  the  perfor- 
mance of  the  resonator.  If  the  relatively  uniform  spot  of  the  sample  has  an  area 
that  is  large  enough,  a most  symmetrical  Fabry-Perot  resonator  can  be  obtained 
by  breaking  the  sample  into  two  pieces  which  can  be  used  as  the  two  rehectors  of 
the  resonator. 

In  our  measurements  we  have  used  two  generations  of  resonator  sample  holders. 
In  the  hrst-generation  the  resonator  gap  was  determined  by  a suitable  spacer.  The 
second  generation  was  meant  to  allow  alignment  during  measurements  in  vacuum 
at  low  temperature.  Unfortunately  this  sample  holder  turned  out  to  be  unsuc- 
cessful. Based  on  the  accumulated  knowledge,  we  designed  a third-generation 
resonator  sample  holder  in  which  the  negative  sides  of  the  previous  generations 
have  been  eliminated.  This  sample-holder  enables  alignment  during  experiments 
which  allows  one  to  keep  the  two  rehectors  strictly  parallel  to  each  other  at  any 
temperature.  Thus,  we  hope  to  overcome  the  negative  effects  of  temperature  gra- 
dients causing  thermal  stress  and  leading  to  misalignment  of  the  two  rehectors. 
This  sample-holder  will  be  used  by  the  next  student  that  will  continue  work  on 
the  project. 

Furthermore,  if  no  tuning  during  operation  is  desired,  in  principle  it  is  possible 
to  produce  resonators  by  depositing  buffer  layers  and  hlms  on  both  sides  of  the 
substrate.  In  this  case  the  Si  substrate  acts  as  the  resonator  cavity.  Naturally, 
once  the  thickness  of  the  substrate  has  been  chosen,  the  tuning  of  the  resonator 
has  been  hxed  to  a periodical  set  of  frequencies. 

For  any  future  work  on  a similar  project,  it  is  recommended  to  use  a mechanism 
that  will  improve  the  alignment  between  the  two  rehectors  and  that  will  allow 
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tuning  of  the  cavity  thickness  during  measurement.  A high  spectral  resolution 
should  also  be  used  to  discern  sharp  transmittance  peaks. 

For  a better  description  of  the  superconducting  state,  I’d  recommend  to  the 
next  students  working  on  similar  projects:  after  quick  measurements  for  selecting 
good  samples,  to  do  a detailed  measurement  at  the  lowest  temperature  (usually 
10  K),  and  then  at  TJ 2,  3Tc/4,  7Tc/8,  Tc,  and  3 temperatures  in  the  normal  state 
(for  YBa2Cu307_5  these  can  be  100,  200,  and  300  K). 
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